























































































































































































































































































































































































































































































































vibration	 in	 residential	 environments’.	 This	 was	 work	 performed	 by	 the	 University	 of	
Salford	funded	by	Defra.	
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George	 Perkins,	 Natalia	 Szczepanczyk,	 Sharron	 Henning,	 Ryan	 Woolrych,	 Heather	
Dawes,	 Amy	 Martin,	 Maria	 Beatrice	 Aquino‐Petkos,	 Laura	 Jane	 Buckley,	 Catherine	
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King,	Lauren	Hunt,	Michael	Gerard	Smith,	and	Tomos	Evans.		
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The	 main	 aim	 of	 this	 thesis	 is	 to	 develop	 exposure‐response	 relationships	 for	 noise,	
vibration,	 and	 combined	 effects	 from	 noise	 and	 vibration.	 Examinations	 of	 non‐
acoustical	 factors	 such	 as	 noise	 sensitivity,	 noise	 acceptance,	 gender,	 age,	 and	 sleep	
disturbance	 are	 also	 performed	 in	 this	 project.	 	 Many	 studies	 have	 previously	 been	
conducted	 to	 investigate	 community	 response	 to	 transportation	 noise	 in	 residential	
areas.	 Comparatively	 few	 studies	 have	 investigated	 community	 response	 to	 vibration	
exposure,	 and	 fewer	 still	 the	 combined	 effects	 of	 noise	 and	 vibration.	 This	 study	 of	
exposure‐response	relationships	for	noise	and	vibration	therefore	presents	a	potentially	
significant	need	contribution	for	the	problems	of	these	kinds.	
This	 work	 was	 performed	 as	 part	 of	 the	 Defra	 funded	 project	 “NANR209:	 Human	
response	to	vibration	in	residential	environments”	which	was	conducted	between	January	
2008	 and	 March	 2011.	 The	 database	 for	 the	 project	 was	 obtained	 by	 undertaking	 a	




was	 recorded	and	calculated	utilizing	a	number	of	vibration	 indices,	 two	of	which	are	
VDVb,24h	 and	RMS	Wk.	Vibration	exposure	has	been	predicted	 for	 the	 remaining	 cases.	
Noise	exposure	in	the	form	of	Lden	has	been	calculated	for	843	out	of	931	cases	using	the	
Calculation	 of	 Railway	Noise	 procedure	 (Department	 of	 Transport,	 1995).	 It	 has	 been	
estimated	that	maximal	error	that	can	be	expected	from	prediction	in	this	thesis	is	equal	
to	±10	dB(A)	at	the	95%	confidence	level.	On	the	other	hand,	maximal	error	that	can	be	
expected	 from	vibration	measurements	 is	 equal	 to	±2.2	dB	or	±6.2	dB,	with	 regard	 to	
“internal	measurements”	and	“no	measurements”,	respectively.	
It	 is	 concluded	 from	 analyses	 of	 combined	 effects	 that	 noise	 and	 vibration	 additively	





This	document	 summarizes	 the	 results	 from	 investigation	of	 the	 relationship	between	
noise	 and	 vibration	 annoyance	 due	 to	 railway	 traffic.	 As	 annoyance	 is	 not	 a	 simple	
problem	 to	 analyse,	 different	 potentially	 influential	 factors	 were	 also	 analysed.	 As	
expected,	 large	 amount	 of	 variation	 is	 unexplained	 when	 one	 considers	 exposure‐










is	 the	 air	 borne	 noise	 propagating	 using	 air	 medium.	 According	 to	 the	 picture,	 it	 is	
considered	the	primary	noise	source	(transmitted	external	noise).	The	primary	noise	is	
attenuated	 by	 walls.	 Nevertheless,	 the	 strength	 of	 attenuations	 depends	 on	 size	 and	
material	that	walls	can	be	made	of.	





large	 number	 of	 events	 from	 direct	 internal	 vibration	 measurements	 and	 remaining	
number	of	events	from	the	prediction.	
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Because	of	 vibration	of	 a	 structure,	 residents	may	 also	 be	 exposed	 to	 structure	borne	
noise.	 In	 this	work,	combined	effects	 from	primary	external	noise	and	structure	borne	
vibration	 are	 taken	 into	 account	 during	 analysis.	 Unfortunately,	 due	 to	 constraints,	 it	




Noise	 exposures	 could	 not	 be	 obtained	 via	 measurement	 but	 calculated	 using	 the	
Calculation	 of	 Railway1	 (Department	 of	 Transport,	 1995).	 It	 was	 not	 feasible	 to	
anticipate	 all	 possible	 variations	 regarding	 each	 site.	 There	 were	 843	 out	 of	 931	
residents	 that	 noise	 exposure	 has	 been	 calculated	 for.	 Calculations	 involve	 mainly	
passenger	 trains,	 although	 freight	 trains	 were	 also	 included.	 An	 accurate	 number	 of	
freight	trains	passing	residents'	facades	was	one	of	the	most	difficult	factor	to	estimate.	
Nonetheless,	 the	 number	 of	 freight	 trains	was	 obtained	 via	 a	 digital	 signal	 processing	
algorithm	 operated	 on	 an	 acceleration	 signal	 recorded	 for	 24h	 time	 period.	 The	
detection	was	based	on	the	length	of	a	particular	event.	Since	this	will	not	exactly	reflect	
the	 real	number	of	 trains	occurring	during	a	period	of	vibration	measurements,	 noise	
exposures	 vary	 if	 compared	 to	 real	 values.	 Therefore,	 uncertainties	 have	 also	 been	









 Exposure‐response	 relationship	 was	 developed	 for	 human	 response	 to	
transportation	(railway)	noise	in	residential	environments	








The	document	 is	 split	 into	 six	 chapters	 followed	by	appendices.	A	 literature	 review	 is	
presented	 on	 determination	 of	 noise	 exposure,	 determination	 of	 vibration	 exposure,	
determination	 of	 noise	 and	 vibration	 exposure,	 community	 response	 to	 noise,	








The	 fourth	chapter	gives	detailed	 information	on	applied	metrics	with	regard	 to	noise	
and	 vibration.	 This	 chapter	 gives	 an	 explanation	 of	 the	 Lden	 used	 to	 express	 noise	
exposures.	 A	 short	 discussion	 on	 application	 of	 Lden	 and	 its	 accuracy	 has	 also	 been	
included.	 Due	 to	 additional	 analysis	 of	 effects	 from	 vibration	 with	 association	 to	
response,	 this	 chapter	 also	 provides	 an	 outlined	 description	 of	 the	main	 indices	 used	
during	measurement	 and	 calculation	 of	 vibration	 exposure	 along	with	 summary	 from	
other	 reports	 associated	 with	 project	 “Human	 response	 to	 vibration	 in	 residential	
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environments”.	This	 is	 followed	by	an	examination	of	uncertainty	evaluations	 for	both	
noise	and	vibration	exposure.		












A	 literature	 review	 is	 presented	 in	 this	 section.	 It	 begins	with	 outline	 of	 international	
standards.	 A	 brief	 explanation	 of	 vibration,	 which	 is	 a	 part	 of	 this	 project,	 is	 also	
provided.	It	 is	 followed	by	review	of	other	work	related	to	determination	of	exposure‐
response	 relationship	 for	 community	 response	 to	 noise,	 vibration,	 and	 response	 to	
combined	effects	from	noise	and	vibration.	Finally,	the	section	concludes	with	review	on	




railway	 traffic	 sources.	 Although	 published	 sixteen	 years	 ago,	 this	 document	 is	 still	
widely	 considered	 to	 be	 the	 best	 predictive	 method	 of	 assessing	 railway	 noise.	
Additionally,	 Railway	 Noise	 Source	 Terms	 For	 “Calculation	 of	 Railway	 Noise	 1995”	
(Department	 of	 Transport,	 2007)	 provides	 complementary	 information	 pertaining	 to	
noise	emission.		










In	 this	 project,	 emphasis	 was	 placed	 upon	 investigation	 of	 external	 exposure.	
Acousticians	 make	 opposite	 points	 about	 correlation	 between	 indoor	 and	 outdoor	
exposures.	 On	 one	 hand,	 when	 internal	 exposure	 is	 considered,	 Shield	 et	 al.	 (2004)	
discusses	 problems	 of	 internal	 exposure	 to	 environmental	 noise	 inside	 classrooms	 at	
schools.	Shield	et	al.	(2004)	review	the	problem	regarding	correlation	between	external	
noise	and	 internal	exposure	and	conclude	 that	not	sufficient	 information	can	be	 found	
on	this	matter.	




external	 and	 internal	 levels	 was	 then	 calculated	 using	 a	 selection	 of	 hundred	 of	 the	
loudest	and	quietest	 individual	noise	events	subjected	to	the	 least	contamination	 from	
internal	 noise	 sources.	 The	 results	 indicate	 a	 good	 relationship	 between	 indoor	 and	
outdoor	 exposures	 (Graham	 et	 al.,	 2009).	 Two	 British	 Standards	 (BS	 8233:1987)	 and	
(BS	EN	12354‐3:2000)	provide	methodology	on	estimation	internal	exposure	based	on	
external	measurement.	
The	data	were	 obtained	 from	18	 study	 areas	 in	 cities.	 The	main	objective	was	 to	The	
European	Union's	Environmental	Noise	Directive	 (Directive	2002/49/EC,	2002)	states	
that	a	 common	noise	 indicator	 for	assessing	annoyance	 is	Lden	 (sometimes	denoted	as	
DENL)‐‐the	 noise	 index	 is	 defined	 in	 section	 4.5.1,	 and	 sleep	 disturbance	 may	 be	
assessed	 using	 the	 Lnight	 metric	 (See	 section	 4.5.1).	 It	 is	 also	 useful	 to	 provide	
supplementary	indicators	in	order	to	monitor	or	control	more	complex	situations	during	




presented	 by	 other	 papers	 (Miedema	 et	 al.,	 2007;	 Van	 den	 Berg	 et	 al.,	 2002),	 Lden	
appears	to	be	the	most	common	noise	measurement	metric	for	railway	sources.	
Marquis‐Favre,	Premat,	and	Aubrée	(2005)	argues	about	very	weak	correlation	between	
annoyance	 and	 noise	metrics	 such	 L1,	 L10,	 Lden	 etc.	 The	maximum	 value	 of	 Spearman	
correlation	was	 found	 to	 be	 0.35.	 Guski	 (1998)	 and	Berglund	 (1998)	 state	 that	 about	
30%	of	variance	can	be	accounted	 for	noise	exposure	expressed	via	LAeq.	According	 to	
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Job	 (1988)	 and	 Lercher	 (1998),	 this	 value	 is	 less	 than	 20%	while	 using	 the	 energetic	




demographic	 variables	 can	 describe	 the	 remaining	 variance.	 Fields	 et	 al.	 (1997)	 talks	
about	demographic,	attitude	and	situational	variables	(Marquis‐Favre,	Premat,	Aubrée,	
et	al.,	2005).	
The	 examination	 of	 literature	 shows	 the	 expression	 of	 noise	 exposure	 is	 followed	 by	
average	 sound	 levels:	 Ldn	 and	Lden.	 Fidell	 (2003)	 argues	 the	 accuracy	of	 implementing	
these	two	noise	indices	in	first	place,	yet	concludes	that	for	the	time	being	indices	were	
the	most	common	measures	to	determine	noise	exposure.	
In	 this	work	 the	 choice	 of	 Lden	was	 rather	 dictated	 by	 the	method	 of	 predicting	 noise	
exposure.	On	one	hand,	since	CRN	provides	a	well	known	methodology	and	procedure	to	
predict	noise	levels	in	given	circumstances,	CRN	was	applied	to	calculate	noise	exposure	




In	 the	 Position	 Paper	 by	 Van	 den	 Berg	 et	 al.	 (2002),	 Henk	Miedema	 summarises	 the	
recommended	 descriptors	 of	 noise	 exposure	 and	 annoyance	 along	 with	 exposure‐
response	relationship	curves.	These	curves	were	recommended	for	use	in	the	context	of	
the	 proposal	 for	 a	 Directive	 on	 the	 Assessment	 and	 Management	 of	 Environmental	




the	 average	 annoyance	 is	 that	 the	 corresponding	 prevalence	
measures	(number	of	highly	annoyed	persons,	number	of	annoyed	






One	 of	 the	 first	 applications	 of	 Ldn	 can	 be	 found	 in	 the	 pioneering	 study	 by	 Schultz	
(1978).	 In	 this	 preliminary	 work,	 noise	 exposure	 from	 aircraft,	 street	 traffic,	 express	
traffic,	 and	 railway	 traffic	 was	 examined	 with	 relationship	 to	 annoyance,	 spanning	 a	
period	 of	 fourteen	 years	 and	 a	 range	 of	 nine	 countries.	 Based	 on	 findings	 regarding	
dose‐effect	in	1970s	(Fidell,	2003),	the	noise	exposure	Ldn	appeared	to	be	most	common	
measure	 of	 noise	 exposure	 averaging	 sound	 energy	 along	 twenty	 four	 hours	 and	
implying	 penalties	 due	 to	 evening	 and	 night	 time	 periods.	 In	 Shultz’s	 paper	 (Schultz,	
1978),	 the	 application	 of	 Ldn	 seems	 to	work	 because	 of	 a	 good	 correlation	 range	 and	
annoyance	 scales‐‐in	 fact,	 in	 one	 of	 the	 studies,	 Shultz	 found	 that	 correlation	 varied	
between	0.44	and	0.52	with	windows	closed	and	0.87	with	windows	open.	
2.3. DETERMINATION	OF	VIBRATION	EXPOSURE	
The	 vibration	 exposure	 is	 included	 in	 analysis	 as	 a	 second	 stressor	 in	 this	 project.	 A	
detailed	 explanation	 of	 determination	 of	 vibration	 exposure	 was	 given	 in	 Technical	
report	 3:	Determination	 of	 vibration	 exposure(3)	 (Sica	 et	 al.,	 2011).	 It	 can	 be	 read	 that	
different	standards	are	applied	in	many	countries	to	determine	the	vibration	exposure:	
United	Kingdom	with	(BS	ISO	6472‐1:2008),	United	States	with	FTA	guidelines	with	FTA	




2011).	 Both	 methodologies	 were	 adapted	 to	 fulfil	 the	 main	 objectives	 of	 the	 Defra	
project.	 The	 report	 by	 Sica	 et	 al.	 (2011)	 describes	 the	methodology	 of	measurements	
conducted	externally	and	internally.	
Two	vibration	metrics	have	been	used	to	express	for	vibration	exposure	such	as	VDVb,24h	
(BS	 ISO	 6472‐1:2008,	 2008)	 and	 RMS	Wk	 (ISO	 2631:1997)	 both	 expressing	 vibration	
over	twenty	four	hour	time	period.	The	use	of	these	metrics	is	also	found	in	the	report	
by	 Woodcock,	 Peris,	 et	 al.	 (2011)	 where	 determination	 of	 exposure‐response	
relationships	 is	 explained	 for	 the	 Defra	 project	 “Human	 response	 to	 vibration	 in	
                                                            
3	 The	 Defra	 funded	 project	 “NANR209:	 Human	 response	 to	 vibration	 in	 residential	 environments”	 was	
explained	 in	 a	 document	 divided	 into	 following	 reports:	 “Executive	 Summary”,	 “Final	 project	 report”,	
“Technical	 report	 no	 1”	 ,	 “Technical	 report	 no	 2”	 ,	 “Technical	 report	 no	 3”	 ,	 “Technical	 report	 no	 4”	 ,	
“Technical	report	no	5”	,	“Technical	report	no	6”.	
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residential	 environments”.	 As	 described	 elsewhere	 (Section	 4.3.1),	 due	 to	 ease	 of	
application	 and	 recommendation	 in	 European	 (ISO	 2631:1997)	 and	 British	 (BS	 ISO	
6472‐1:2008,	 2008)	 standards,	 VDV	 and	 RMS	 were	 considered	 the	 most	 relevant	 for	
vibration	exposure.	
2.4. COMMUNITY	RESPONSE	TO	NOISE	EXPOSURE	
Community	 response	 to	 noise	 especially	 from	 transportation	 has	 been	 studied	 for	
several	decades	by	many	researchers.	The	process	of	investigation	on	this	subject	is	still	
in	 progress.	 A	 significant	 number	of	 papers	 regarding	noise	 exposure	 and	 community	




relationship	 to	 transportation	 noise.	 Schultz	 collected	 and	 reviewed	 eleven	 social	
surveys	 from	 nine	 countries	with	 regard	 to	 noise	 from	 aircraft,	 street	 traffic,	 express	
traffic,	and	railway	traffic	spanning	a	period	of	fourteen	years.	An	attempt	was	made	to	
make	 investigation	 comparable	 and	 obtain	 a	 prediction	 of	 annoyance	 and	 noise	
exposure.	 Schultz	 synthesised	all	 the	 clustering	 survey	 results	 and	 constructed	 curves	
showing	 the	 relationship.	The	 curves	 illustrating	 “percent	highly	 annoyed”	 against	 Ldn	
were	fitted	by	third	order	polynomial.	Annoyance	scales	could	not	be	directly	compared	
in	their	original	form	due	to	different	annoyance	scales.	Consequently,	Schultz	converted	
all	 the	 scales	 into	 their	 percentages	 equivalence.	 Those	 who	 were	 “highly	 annoyed”	
became	those	who	reported	 the	upper	28%	in	 the	annoyance	scale.	Ldn	was	chosen	 to	
express	 noise.	 Schultz	 (1978)	 has	 selected	 “percentage	 highly	 annoyed”	 (%HA)	 for	
annoyance	measure	because,	as	postulated,	 “the	effects	of	non‐acoustical	variables	are	
reduced,	and	the	correlation	between	the	noise	exposure	and	the	expressed	subjective	
reaction	 is	 high,	 both	 for	 individuals	 and	 for	 groups.”	 Another	 argument	 for	 choosing	
“highly	 annoyed”	over	mean	or	median	was	 related	 to	 the	 fact	 that	 it	was	not	 certain	
whether	 noise	 exposure	 data	 was	 obtained	 from	 direct,	 shielded	 or	 reflected	 sound.	
Finally,	 the	 relationship	 between	 noise	 exposure	 and	 %HA	 was	 found	 to	 be	 highly	
consistent	 between	 the	 studies.	 The	 magnitude	 of	 noise	 exposure	 increased	 with	




The	 Schultz’s	 curves	 opened	 the	 criticism	which	 did	 not	 meet	 the	 agreement	 in	 that	
time.	Kryter	(1982)	makes	a	point	about	combining	together	all	the	transportation	noise	
sources,	 whereas	 they	 should	 be	 distinguished	 explicitly.	 Kryter	 (1982)	 argues	 about	
significant	 underestimation	 of	 the	 annoyance	 associated	 with	 aircraft	 noise	 and	
overestimation	 of	 the	 percentage	 of	 U.S.	 population	 exposed	 to	 transportation	 noise	
level”	(Kryter,	1982).	
Miedema	et	al.	 (2001)	analysed	the	same	data	as	Schultz	(1978)	along	with	additional	
surveys	 from	Fields	 (1993)	 giving	 in	 summary	 the	 number	 of	 55	 studies	with	 63,936	
respondents.	 Miedema	 states	 that	 in	 previous	 papers	 “most	 publications	 used	 only	 a	
limited	 number	 of	 studies,	 or	 did	 not	 pay	much	 attention	 to	 the	 comparability	 of	 the	
definition	of	variables	in	different	studies”	(Miedema	et	al.,	2001).	The	curves	presented	
in	this	article	show	the	exposure‐response	relationship	for	transportation	noise	sources	







found	in	the	work	of	Schultz	(1978).	The	model	 is	applied	 in	a	 later	paper	(Groothuis‐
Oudshoorn	et	al.,	2006)	and	presents	exposure‐response	curves	along	with	confidence	
intervals.	 This	 model	 brought	 improvements	 into	 relationship	 because	 of	 modelling	
entire	 annoyance	 distribution	 or	 calculating	 standard	 error	 giving	 robust–confidence	
limits.	
Klæboe	et	al.	 (2004)	 investigated	“modifying	 factors”	such	as	age	and	noise	sensitivity	
and	concluded	that	these	factors	the	most	important	modifying	variables.	Klæboe	et	al.	
(2004)	 also	 concluded	 that	 variables	 such	 as	 gender,	 having	 young	 children,	 marital	
status,	 and	 education	 level	 were	 not	 found	 to	 substantially	 contribute.	 These	 latter	
findings	 are	 in	 accordance	 to	Miedema	 et	 al.	 (1999)	 and	 Fields	 (1993).	 Fields	 (1993)	
postulates	that	annoyance	is	not	affected	by	any	of	nine	demographic	variables	such	as	
age,	 sex,	 social	 status,	 income,	education,	home,	ownership,	 type	of	dwelling,	 length	of	
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residence,	or	receipt	from	the	noise	source	but	is	related	to	five	attitudes	such	as	fear	of	
danger	 from	 noise	 source,	 noise	 prevention	 beliefs,	 general	 noise	 sensitivity.	 Fields	




The	 literature	 shows	 that	 the	 strongest	 influence	 on	 annoyance	 have	 fear	 and	 noise	
sensitivity.	Miedema	et	 al.	 (1999)	 investigated	 the	 effect	 of	 noise	 sensitivity	 and	 state	
that	this	effect	is	significant.	Therefore,	a	better	understanding	this	mechanism	could	be	
important.	 To	 investigate	 this	 problem,	 two	 scenarios	were	 considered	 in	 this	 paper:	
“sensitivity	 has	 an	 independent	 effect	 on	 annoyance,	 which	 adds	 to	 the	 effect	 of	 the	
noise	exposure”	and	“noise	sensitivity	alters	the	effect	of	the	noise	exposure”	(Miedema	
et	al.,	1999).	Another	objective	of	this	paper	was	to	investigate	whether	noise	sensitivity	
“influences	 reactions	 to	 environmental	 conditions	 other	 than	 noise	 (e.g.	 odour)”.	 In	
conclusion,	 noise	 exposure	 has	 very	 small	 effect	 on	 noise	 sensitivity,	 whereas	 noise	
sensitivity	has	a	 large	 influence	on	annoyance.	 It	 can	be	 read	 that,	by	definition,	noise	





non‐acoustic	 effect	 on	 annoyance	 (Fields,	 1993),	 although	 the	 others	 show	no	 impact.	
From	 literature	 reviewed	 Marquis‐Favre,	 Premat,	 and	 Aubrée	 (2005),	 the	 fear	 is	
mentioned	 as	 an	 important	 factor	 because	 its	 excessive	 level	 might	 cause	 a	 hearing	
impairment.	 If	 the	 same	 level	 of	 noise	 is	 compared	 with	 group	 of	 respondents	 who	
revealed	fear	and	did	not	reveal	fear,	the	annoyance	was	significantly	higher	when	fear	
was	present.	The	 link	between	 fear	and	annoyance	 is	uncertain	(Fields,	1993).	On	one	
hand,	it	is	reported	by	Kryter	(1982)	and	confirmed	by	Miedema	et	al.	(1998)	that	there	






et	 al.	 (1987)	 conducted	 a	 field	 survey	 in	 Scotland	 where	 railway	 caused	 vibration	 in	
buildings.	 Along	 with	 measurements	 of	 response	 via	 questionnaires,	 vibration	 was	
measured	 in	 a	 number	 of	 buildings.	 Another	 study	 was	 conducted	 in	 the	 United	
Kingdom	by	the	Transport	Research	Laboratory	(Watts,	1984).	Residents	from	50	sites	
were	asked	about	 the	disturbance	 from	vibration	 induced	by	 railway	 traffic.	Vibration	
measurements	were	conducted	internally	and	externally	at	respondents'	properties.	






was	 analysed	 via	 a	 logistic	 regression	model.	 Generally,	 it	 was	 found	 that	 annoyance	
increases	 when	 vibration	 exposure	 is	 greater.	 It	 was	 also	 found	 that	 there	 were	 no	
differences	between	annoyance	cased	by	vibration	exposure	from	road	traffic	or	railway.	
In	 these	 studies,	 relationships	were	also	 reported	 for	disturbance	of	 activities	 such	as	
communication	and	watching	TV.	
Transit	Cooperative	Research	Program	(Zapfe	et	al.,	2009)	is	one	of	the	recent	studies	on	
community	 response	 to	 ground‐borne	 vibration	 induced	 by	 trains.	 The	 study	 was	
conducted	 in	 North	 America	 and	 Canada	 "with	 a	 view	 to	 developing	 criteria	 for	
acceptable	 levels	 of	 railway	 induced	 ground‐borne	 noise	 and	 vibration	 in	 residential	
buildings"	(Woodcock,	Peris,	et	al.,	2011).	In	the	report	by	Zapfe	et	al.	(2009),	about	200	
different	 noise	 and	 vibration	 metrics	 were	 considered	 as	 potential	 independent	
variables	 for	 an	 exposure‐response	 relationship.	 Woodcock,	 Peris,	 et	 al.	 (2011)	 also	
calculated	numerous	descriptors	of	vibration	exposure	from	24‐haour	acceleration	time	
histories	 of	 internal	 vibration.	 In	 the	 report	 by	Woodcock,	 Peris,	 et	 al.	 (2011),	 it	 was	
confirmed	 via	 application	 of	 Principal	 Component	 Analysis	 and	 Spearman	 correlation	
between	 descriptors	 and	 self	 reported	 annoyance	 that	 a	 type	 of	 descriptor	 is	 not	
                                                            
4	 This	 metric	 is	 determined	 from	 the	 mean	 and	 standard	 dev.	 of	 the	 individual	 event	 weighted	 RMS	





The	 choice	 of	 vibration	 descriptors	 were	 finally	 dictated	 by	 ease	 of	 calculation,	
interpretability,	 current	 practice,	 and	 the	 measurement	 capability	 of	 the	 user	 of	 the	
exposure‐response	relationship.	
This	Thesis	explains	 the	response	 to	noise	exposure	with	and	without	 the	presence	of	
vibration.	 The	 comprehensive	 literature	 review	 on	 vibration	 exposure	 can	 be	 read	 in	









evenings,	 and	 20%	 during	 the	 night‐time.	 Due	 to	 variations	 in	 proportion	 of	 highly	




     2 2 2, ,07:00 19:00 ,19:00 23:00 ,23:00 07:00w den w e w n wa a w a w a     	 (2.1)	
where	 aw,den	 is	 the	 total	 day–evening–night	 frequency‐weighted	 RMS	 acceleration,	
aw,7:00–19:00	 is	 the	day	 frequency‐weighted	RMS	acceleration,	aw,19:00–23:00	 is	 the	 evening	
frequency‐weighted	RMS	acceleration,	aw,23:00–7:00	 is	 the	night	 frequency‐weighted	RMS	
acceleration	 and	we,	wn	 are	 the	 time	 of	 day	weights	 equal	 to	 6.7	 and	 50	 respectively	
(Peris	et	al.,	2012).	
2.6. COMMUNITY	RESPONSE	TO	NOISE	AND	VIBRATION	
Annoyance	 from	 exposure	 to	 noise	 and	 vibration	 has	 already	 been	 investigated	 by	
Öhrström	 et	 al.	 (1996).	 Öhrström	 et	 al.	 (1996)	 concludes	 that	 people	 are	 no	 longer	
exposed	only	 to	 one	noise	 source,	 but	 combination	of	 two	or	 even	 three	 sources.	The	
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project	 TVANE	 was	 based	 on	 investigation	 previously	 conducted	 by	 Miedema	 et	 al.	
(2001),	Kaku	et	al.	(1996),	and	Öhrström	et	al.	(1996).	The	problem	of	combined	effects	
from	 exposure	 to	 noise	 and	 vibration	 is	 complex	 but	 does	 show	 that	 the	 annoyance	
invoked	 by	 noise	 is	 increased	when	 vibration	 occurs	 (more	 intensively	 during	 strong	
vibration	>	0.4	mm/s)	(Ögren	et	al.,	2009).	
Problem	of	how	much	more	annoying	 is	noise	from	trains	could	be	compared	to	noise	
from	 road	 traffic	 or	 air	 traffic.	Öhrström	et	 al.	 (2009)	 calls	 this	 problem	was	 “railway	
bonus”.	Öhrström	et	al.	(2009)	makes	a	point	that	“railway	bonus”	can	vary	from	one	to	
another	 areas	 such	 as	 different	 continents	 or	 even	 different	 countries.	 Laboratory	
experiments	can	be	conducted	 in	a	more	controlled	environment	but	 field	 studies	can	
give	more	realistic	results.	
The	 problem	 of	 simultaneous	 interactions	 between	 noise	 and	 vibration	 exposure	was	
observed	 in	 laboratory	 studies	 (Howart	 et	 al.,	 1990;	 Howarth,	 1991;	 Howarth	 et	 al.,	
1990;	Paulsen	et	al.,	1995).	Subjects	were	exposed	to	simulated	noise	and	vibration	as	if	
they	were	emitted	by	railway.	Six	magnitudes	of	vibration	and	noise	were	investigated.	
Similar	 experiments	 were	 conducted	 by	 Öhrström	 et	 al.	 (2009)	 and	 Öhrström	 et	 al.	
(2008).	It	has	been	found	that	magnitude	of	noise	exposure	have	a	significant	effect	on	
the	 judgment	 of	 annoyance	 caused	 by	 vibration.	 No	 significant	 effect	 of	 vibration	
exposure	was	found	on	the	judgment	of	annoyance	caused	by	exposure	to	noise.	
The	 similar	 study	was	conducted	by	Paulsen	et	 al.	 (1995).	Briefly,	 it	was	 found	 that	 if	
subjects	 were	 asked	 to	 judge	 annoyance	 caused	 by	 vibration,	 then	 their	 annoyance	
judgments	for	a	given	vibration	exposure	were	largely	independent	of	the	magnitude	of	










annoyance	 curves	 illustrating	 the	 exposure‐response	 relationship	 to	 noise	 have	 also	
been	established	with	relation	to	Lden.	Calculation	of	Railway	Noise	provides	the	routine	
in	establishing	noise	exposure	from	prediction.	As	this	procedure	provide	exposures	via	
Ldn,	 this	 procedure	 had	 to	 be	 adjusted	 to	 fulfil	 the	 guideline	 set	 from	 EC	 (Directive	
2002/49/EC,	2002)	and	express	the	noise	exposure	by	Lden.	
Summarizing	the	discussion	on	the	quality	of	noise	indices,	Lden	may	not	be	accurate	if	
exposure‐response	relationship	 is	considered.	The	main	point	made	about	this	 issue	 is	
related	 to	 variation	 accounted	 for	 noise	 and	 annoyance.	 It	 has	 been	 argued	 that	 the	
percentage	of	variation	is	too	small	when	noise	is	expressed	by	Lden.	 In	conclusion,	the	
variation	 of	 relationship	 between	 noise	 and	 annoyance	 might	 be	 improved	 if	
aforementioned	factors	are	included.	A	number	of	factors	(demographic	and	attitudinal)	
have	been	considered.	Due	 to	 the	 issues	 related	 to	Lden,	 the	 factors	have	become	even	
more	 important	 in	 the	 analyses.	 The	 time	 constrains	 however	 prevent	 from	 detailed	
investigation	 of	 their	 influence.	 Therefore,	 a	 subset	 of	 the	 factors	has	 been	 taken	 into	




the	main	objectives	are	directly	 related	 to	human	response.	As	 such,	 vibration	 indices	
were	also	studied	with	regard	to	annoyance.	The	 factors	which	are	 taken	 into	account	
are	 sleep	 disturbance	 and	 fear.	 The	 damage	 of	 properties	 would	 become	 the	 most	
important.	 Vibration	 was	 also	 investigated	 with	 combination	 to	 noise.	 Similar	 to	






The	 exposure‐response	 relationship	 can	 be	 explained	 as	 the	 way	 of	 presenting	 noise	
or/and	 vibration	 changes	 against	 a	 response.	 People	 can	 be	 affected	 by	 physical	
phenomena	such	aforementioned	noise,	vibration,	or	even	odour.	Annoyance	is	the	form	
of	response	when	people	express	dissatisfaction.	The	different	response	can	be	expected	






Two	 very	 popular	 models	 such	 as	 multiple	 grouped	 regression	 and	 ordinal	 probit	
regression5	models	are	utilized.	The	analysis	 in	 this	project	 is	based	on	ordinal	probit	






The	chapter	 is	split	 into	sections.	The	 first	section	explains	 important	 terms	regarding	
measurement	of	response	such	as	 thresholds	 indicating	percent	 little,	moderately,	and	
highly	annoyed.	The	second	section	presents	the	basis	of	regression	models	used	in	the	
                                                            











response	 relationship,	was	measured	 in	 two	 scales.	 In	 five‐point	 semantic	 scale,	 each	
category	 level	 is	 expressed	 as	 follows:	 “Not	 at	 all”,	 “Slightly”,	 “Moderately”,	 “Very”,	










 Provide	 a	 high	 quality,	 reliable	 measure	 of	 a	 general	 reaction	 to	 vibration	
annoyance	in	a	residential	environment;	
 Yield	 an	 interval‐level	 measurement	 scale	 able	 to	 meet	 the	 assumptions	 for	
regression	and	many	other	analysis	techniques;	
 Be	suitable	for	face‐to‐face	questionnaire	administration	
 Permit	 valid	 international	 comparisons	 of	 survey	 results	 within	 and	 between	
languages;	




are	 recommended	 by	 standard	 (DD	 ISO/TS	 15666:2003)	 and	 Fields	 et	 al.	 (2001).	
Additionally,	 eleven‐point	 numeric	 scale	 is	 recommended	 by	Nordtest	Method	 (2001)	
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for	 socio‐vibration	 survey	 design.	 The	 use	 of	 five	 point	 semantic	 scale	 can	 likely	 be	
found	in	literature	(Herranz‐Pascual	et	al.,	2009;	Klæboe,	Öhrström,	et	al.,	2003;	Lee	et	
al.,	2008)	and	in	the	standard	(DD	ISO/TS	15666:2003).		
The	 Table	 1	 and	 Table	 2	 present	 cross‐tabulations	 of	 two	 categorical	 dependent	
variables.	 In	 each	 cell,	 Table	 1	 contains	 a	 number	 of	 participants	 reporting	 noise	
annoyance	 whereas	 Table	 2	 contains	 a	 number	 of	 participants	 reporting	 vibration	
annoyance.	 This	 kind	 of	 tables	 reveals	 a	 number	 of	 participants	who	 report	 the	 same	
two	 categories	 in	 five‐point	 and	 eleven‐point	 scales.	 For	 instance,	 a	 number	 of	 those	
who	reported	simultaneously	“Not	at	all”	 in	5‐point	semantic	scale	and	“0”	 in	11‐point	
numeric	scale	is	447.	
Both	 tables	 are	 included	 to	 confirm	 that	 annoyance	 degrees	 expressed	 in	 both	 scales	
provide	 very	 similar	 results.	 The	 diagonals	 of	 both	 tables	 contain	 certain	 frequencies	
different	 from	0.	The	 further	 is	 a	 cell	 from	each	of	 the	diagonals,	 the	 lower	 frequency	
number	 is	observed.	 In	both	tables,	at	extreme	columns	and	rows	(“Not	at	all”	by	“10”	
and	 “Extremely”	 by	 “0”),	 the	 numbers	 are	 equal	 to	 zero.	 This	 is	 the	 expected	 effect,	
because	 otherwise	 both	 category	 scales	 would	 show	 inconsistency	 or	 a	 lack	 of	
association.	 Simply,	 participants	 would	 report	 different	 degrees	 in	 annoyance	 using	
different	scales.	
Table	1.	Crosstab	of	two	annoyance	scales	from	noise	section	of	questionnaire	for	railway	sources	
  0  1  2 3 4 5 6 7  8  9 10
not at all  447  80  28  7  7  4  1  1  1  1  0 
slightly  3  13  39  36  21  20  5  4  0  0  0 
moderately  0  1  1  4  14  35  25  20  10  1  2 
very  0  0  0  0  1  4  7  13  27  12  3 
extremely  0  0  0  0  0  1  0  2  8  4  19 
  0  1  2  3  4  5  6  7  8  9  10 
not at all  48.0%  8.6%  3.0%  0.8%  0.8%  0.4%  0.1%  0.1%  0.1%  0.1%   
slightly  0.3%  1.4%  4.2%  3.9%  2.3%  2.1%  0.5%  0.4%       
moderately    0.1%  0.1%  0.4%  1.5%  3.8%  2.7%  2.1%  1.1%  0.1%  0.2% 
very          0.1%  0.4%  0.8%  1.4%  2.9%  1.3%  0.3% 








  0  1  2 3 4 5 6 7  8  9 10
not at all  533  53  31  17  11  4  4  2  1  1  0 
slightly  6  8  28  36  25  9  2  3  1  0  0 
moderately  0  0  1  4  9  24  24  14  5  2  0 
very  0  0  0  0  2  2  3  12  21  11  3 
extremely  0  0  0  0  0  0  1  0  3  2  14 
  0  1  2  3  4  5  6  7  8  9  10 
not at all  57.2%  5.7%  3.3%  1.8%  1.2%  0.4%  0.4%  0.2%  0.1%  0.1%   
slightly  0.6%  0.9%  3.0%  3.9%  2.7%  1.0%  0.2%  0.3%  0.1%     
moderately      0.1%  0.4%  1.0%  2.6%  2.6%  1.5%  0.5%  0.2%   
very          0.2%  0.2%  0.3%  1.3%  2.3%  1.2%  0.3% 
extremely              0.1%    0.3%  0.2%  1.5% 
N	=	932.	2	(40)	=	1831,	p	<	0.0001	
	
Two	 ordinal	 scales	 in	 their	 original	 levels	 as	 well	 as	 their	 percent	 equivalences	 are	
shown	 by	 Figure	 2.	 The	 second	 representation	 (percentage)	 is	 included	 because	 of	 a	









shown	 in	 green,	 yellow,	 and	 red	 colours	 correspond	 to	 three	 thresholds.	 These	
thresholds	 indicate	 so‐called	 cut‐off	 points	 that	 determine	 proportion	 of	 participants	
Name of the scale
Mid points (%)
Boundary points (%)
Name of the scale
Mid points (%)
Boundary points (%)
not at all slightly moderately very extremely
10% 30% 50% 70% 90%
0% 20% 40% 60% 80% 100%
4.5% 13.6% 22.7 31.8% 40.9% 50.0% 59.1% 68.2% 77.3% 86.4% 95.5%
0 1 2 3 4 5 6 7 8 9 10




reporting	 annoyance	 degree	 higher	 than	 a	 particular	 threshold.	 Both	 Miedema	
(Groothuis‐Oudshoorn	 et	 al.,	 2006)	 and	 Schultz	 (1978)	 applied	 these	 thresholds	 and	
named	 those	 reporting	 annoyance	 greater	 than	 or	 equal	 to	 72%	 “percent	 highly	
annoyed”	 (%HA).	Shultz	explained	 this	choice	over	mean	or	median	considering	a	 few	
arguments.	
The	response	 is	 less	scattered	and	the	effect	of	non‐acoustical	 factors	on	annoyance	 is	
reduced.	It	is	argued	(Schultz,	1978)	that	“highly	annoyed”	are	proportion	of	people	who	
can	hear	stronger	outdoor	noise	and	therefore	their	answer	can	be	clear,	conscious,	and	
definite.	 When	 simultaneous	 indoor	 and	 outdoor	 exposures	 are	 measured,	 huge	
difference	 20‐30	 dB(A)	 between	 them	 can	 be	 observed	 (Figures).	 Because	 of	 indoor	
activities,	 there	may	 be	 significantly	 reduced	 relationship	 between	 exposures.	 Schultz	
(1978)	provides	an	example	that	correlation	between	exposure	and	annoyance	in	terms	
of	 indoor	 activity	 such	 as	 reading,	 listening	 to	 radio	 or	 television	 in	 Belgium	 was	
dropped	from	0.87	with	windows	open	to	0.44‐0.52	with	windows	closed.	
It	is	also	argued	by	Schultz	(1978)	that	median	of	responses	is	not	dealing	with	problem	
at	 all.	 Median	 represents	 a	 proportion	 of	 people	 who	 usually	 express	 no	 complaints.	
Apart	 from	 aforementioned	 arguments,	 median	 is	 problematic	 to	 translate	 from	 one	
scale	to	another.		
Similarly,	 Miedema	 introduced	 two	 additional	 thresholds:	 “percent	 little	 annoyed”	
(%LA)‐‐those	who	report	annoyance	greater	or	equal	to	28%	and	“percent	moderately	
annoyed”	 (%MA)‐‐those	who	 report	 annoyance	 greater	 or	 equal	 to	 50%.	 The	 percent	




  	 (3.1)	
The	terms	m,	i,	and	%A	correspond	to	a	number	of	all	categories	in	annoyance	scale	(m)	
and	 a	 category	 (i)	 for	 which	 a	 percentage	 equivalence	 (%A)	 is	 computed.	 Each	
percentage	for	both	five‐point	and	eleven‐point	scales	is	included	in	Table	3.	
















Not	at	all	 1	 10.0%	 0	 1	 4.5%	
Slightly	 2	 30.0%	 1	 2	 13.6%	
Moderately	 3	 50.0%	 2	 3	 22.7%	
Very	 4	 70.0%	 3	 4	 31.8%	
Extremely	 5	 90.0%	 4	 5	 40.9%	
	 	 	 5	 6	 50.0%	
	 	 	 6	 7	 59.1%	
	 	 	 7	 8	 68.2%	
	 	 	 8	 9	 77.3%	
	 	 	 9	 10	 86.4%	
	 	 	 10	 11	 95.5%	
	
Similarly,	 m,	 i,	 and	 B	 represents	 a	 number	 of	 all	 boundaries	 (m)	 and	 a	 number	 of	





by	 odd	 number	 of	 categories.	 The	 grouped	 regression	model	 overcomes	 this	 issue	 by	
grouping	and	summarizing	annoyance	into	whole	scale	assuming	boundaries	along	with	
categories	equally	scattered	along	the	population.	This	model,	however,	was	not	used	to	
analyse	 exposure‐response	 relationship.	 Ordinal	 probit	 models	 calculate	 proportion	
between	probabilities.	Therefore,	percent	little,	moderately,	and	highly	annoyed	cannot	
be	 expressed	 utilizing	 Miedema’s	 approach.	 Therefore,	 by	 applying	 a	 cumulative	














This	 approach	 was	 required	 because	 of	 variations	 between	 each	 annoyance	 scales	





percentile	equal	 to	seventy	 two	 in	annoyance	scale	and	called	all	 the	participants	who	
reported	this	or	higher	annoyance	degree	as	“percent	highly	annoyed”‐‐	the	term	is	also	
denoted	 as	%HA	 in	 literature	 (Fidell	 et	 al.,	 1989;	 Groothuis‐Oudshoorn	 et	 al.,	 2006;	
Miedema	 et	 al.,	 1998;	 Miedema	 et	 al.,	 2001).	 Shultz’s	 study	 revealed	 an	 inevitable	
influence	of	the	other	non‐acoustical	factors	on	annoyance.	It	was	found	that	analysis	of	
higher	 annoyance	 degrees	 reduced	 effects	 of	 such	 factors	 considering	 individuals	 and	
groups.	
The	 summary	 of	 all	 data	 points	 drawn	 by	 Schultz	 (1978)	 is	 illustrated	 by	 Figure	 3.	
Exposure	 is	 measured	 by	 Ldn	 (See	 section	 4.5.1).	 This	 is	 one	 of	 the	 first	 metrics	 to	
express	the	exposure‐response	relationship;	this	metric	was	then	extended	to	Lden	(See	








additional	 292	 data	 points	 to	 Shultz’s	 original	 dataset	 in	 such	 curve,	 polynomial	 fit	 is	












Linear	 regression,	 a	 first‐order	 polynomial	 fit,	 is	 the	 one	 of	many	 approaches	 to	 find	
estimates	to	express	exposure‐response	relationships.	The	 linear	regression	model	are	
expressed	as	followed	
 y Xβ ε 	 (3.3)	
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 Homoscedastic	and	uncorrelated	errors	–	the	errors	have	a	constant	variance	for	









The	example	of	 linear	regression	fit	 is	presented	by	the	 first	figure	 in	 the	Table	4	(the	
upper	 left‐hand	 side	 figure).	 The	 left	 hand‐side	 upper	 figure	 shows	 a	 bar	 graph,	 the	
curve	comprised	by	red	dots,	and	a	straight	line	comprised	of	blue	dots.	The	bar	graph	
illustrates	proportion	or	group	of	respondents	in	each	noise	exposure	category.	It	shows	




Schultz	 (1978)	 applied	 the	 third‐order	 polynomial	 fit	 in	 his	 work	 (See	 Figure	 3).	
However,	the	polynomial	method	may	not	be	a	correct	approach	for	problems	regarding	
social‐acoustics	 surveys.	 Apart	 from	 linearity,	 the	 polynomial	 curves	 share	 limitations	





or	 maximum	 “1”	 in	 probability	 when	 estimation	 is	 extended.	 The	 normal	 cumulative	






















Figure	 8,	 for	 instance,	 illustrates	 a	 normal	 cumulative	 distribution	 function	 that	 is	
monotonically	increasing.	It	also	varies	between	probabilities	“0”	at	‐	and	“1”	at	+	of	
exposure.	Consequently,	normal	 cumulative	distribution	 function	 is	 commonly	used	 to	
express	 exposure‐response	 relationships	 because	 it	 overcomes	 aforementioned	
problems.	Logistic	cumulative	probability	function	also	commonly	applied	in	studies	has	
a	 similar	 shape	 to	 a	 normal	 distribution	 but	 the	 variance	 is	 greater	 from	 standard	
normal	distribution	by	about	π/3		1.81	(Long,	1997)	





βxy x 	 (3.4)	
3.4.3. Linear	regression	for	binary	response	
The	linear	regression	is	also	invalid	for	data	set	whose	categorical	dependent	variable	is	
binomial	 or	 ordinal	when	more	 than	 two	 categories	 are	 applied.	 Formula	 for	 a	 linear	
regression	model	applied	for	binary	dependent	variable	has	the	same	form		
 y Xβ ε 	
The	term	X	is	a	matrix	containing	column	vectors	of	observations,	β	is	a	column	vector	
of	 parameters	 and	 ε	 is	 an	 error	 term.	 Binary	 response	 dependent	 variable	 y	 is	 a	
particular	 case	 of	 categorical	 dependent	 variable.	 However,	 when	 more	 than	 two	
categories	 are	 considered,	 then	 categorical	 variable	 is	 ordinal.	 	 In	 binary	 regression	
model	 (BRM),	 yi	 can	 take	 only	 two	 categories.	 The	 first	 of	 the	 figures	 in	 the	 Table	 4	
illustrates	linear	changes	in	probability.	
The	purpose	of	the	following	derivation	is	to	confirm	that	 linear	regression	models	do	
not	work	 for	 categorical	data.	Long	 (1997)	and	Agresti	 (2002)	provide	 the	more	solid	
proof.	For	the	regression	model,	the	expected	value	E(yi|xi)	is	equal	to	
( | ) 1 Pr( 1) 0 Pr( 0) Pr( 1)
( | )
i i i i i
i i i
E y y y y
E y
       

x
x x β 	
Therefore	
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binary	 dependent	 variable,	 assumptions	 such	 as	 constant	 variance	 and	 normal	
distribution	 of	 error	 are	 violated.	 Variance	 of	 a	 random	 variable	 having	 binomial	
distribution	can	be	calculated	from	the	equation	
(1 )Var    	
The	term		 	denotes	mean.	Similarly,	variance	of	regression	model	of	y	given	x,	where	
the	expectation	is	equal	to	xβ,	varies	according	to	the	equation	
( | ) (1 )Var y  x xβ xβ 	
This	 implies	 that	 variance	 of	 errors	 depends	 on	 x	 and	 is	 not	 constant.	 Due	 to	 this	
problem,	OLS	predictor	is	therefore	invalid	resulting	in	biased	and	incorrect	estimates.	
Long	 (1997)	 also	 listed	 two	 other	 problems	 regarding	 linear	 regression	 of	 binary	
variable.	In	linear	regression	model,	errors	are	not	normally	distributed.	Figure	5	shows	
observed	 (green	marks)	 and	 fitted	 by	 LRM	 data	 (light	 blue	marks).	 The	 errors	 ε	 are	












   	 (3.5)	
Errors	show	a	pattern	indicating	dependency	on	x.	Figure	6	shows	residuals	from	linear	





normally	 distributed	 errors	 are	 shown	 in	 Figure	 11.	 This	 figure	 illustrates	 the	







which	 is	 unrealistic.	 A	 unit	 increase	 in	 xk	 results	 in	 a	 constant	 change	 of	 βk	 in	 the	
probability	holding	all	other	variables	constant.	This	can	be	explained	by	example	with	
regard	to	noise	exposure	and	annoyance;	Figure	9	shows	the	graph	similar	to	Figure	5	




dB(A)	would	 result	 in	very	 little	 increase	 in	probability.	Much	greater	 increase	can	be	
expected	when	noise	level	changes	from	50	dB(A)	to	60	dB(A).	The	slope	of	the	S‐curve	
given	50	or	60	dB(A)	of	noise	level	is	much	greater.	Finally,	at	very	high	level	of	noise,	
the	 probability	 is	 expected	 to	 be	 very	 high	 because	 the	 nearly	 all	 the	 probability	 is	
included	at	this	level	of	noise.	Consequently,	the	large	increase	in	noise	level	from	let’s	
say	 70	 dB(A)	 to	 85	 dB(A)	would	 only	 result	 in	 little	 increase	 in	 annoyance.	 Also,	 the	
slope	of	the	S‐curve	is	much	lower	indicating	little	changes	in	probability.		
Figure	 11	 shows	 distribution	 of	 residuals	 from	 the	 binary	 regression	 model	 whose	
parameters	were	 estimated	 using	 the	 same	 data	 set	 as	 for	 estimating	 parameters	 for	








































The	 previous	 section	 provides	 an	 explanation	 on	 issues	 when	 linear	 regression	 is	
applied.	A	couple	of	problems	have	been	indicated	with	the	consequences	on	accuracy	
when	 Linear	 Regression	 Models	 are	 applied.	 This	 section	 provides	 an	 explanation	 of	






to	 find	 probability	 that	 dependent,	 an	 observed,	 variable	 has	 outcome	 equal	 “1”.	 The	
term	true	may	be	interpreted	as	e.g.	being	annoyed	or	having	a	chance	to	obtain	a	job.	An	
independent	 variable	 (IV)	 may	 express	 a	 level	 of	 exposure	 or	 number	 of	 children	 in	











observed	 variable	 takes	 the	 category	 “1”.	Whether	A	 is	 greater	 or	 less	 than	 a	 certain	
value	is	determined	by	a	threshold	τ.	The	formula	below	shows	this	relationship	






Figure	 7	 illustrates	 determination	 of	 probability	 that	 DV	 is	 equal	 “1”.	 Horizontal	 axes	
correspond	 to	 some	 exposure	 changes	 and	 a	 response	 given	 these	 exposures.	 The	
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illustrate	 this	 point	 of	 view	 by	 showing	 the	 green	 shaded	 area	 (Figure	 7)	 or	 the	
cumulative	 function	 in	 (Figure	 8)	 for	 three	 arbitrary	 values	 x1,	 x2,	 and	 x3.	 The	






































Pr( 1| ) Pr( | )y A   x x 	 (3.7)	
Because	A	=	xβ	+	ε,	it	follows	that	
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   Pr 1y F    xβ 	 (3.8)	





























cumulative	 normal	 distribution	 function.	 Also,	 it	 is	 reasonable	 to	 assume	 a	 normal	
distribution	of	errors	in	any	of	studies	regarding	social	surveys.	The	slight	or	moderate	
influence	of	other	factors	not	involved	in	analysis	causes	the	errors	to	become	normal	in	
large	 sample	 size	 Long	 (1997).	 Therefore,	 in	 this	 study,	 errors	 are	 assumed	 to	 be	
normal.	
Due	 to	 nonlinearity	 between	 exposure	 and	 response,	 parameters	 for	 the	 regression	
model	 can	 only	 be	 estimated	 via	 maximum	 likelihood	 function.	 This	 function	 is	
explained	in	the	next	section,	along	with	development	of	the	Ordinal	Regression	Models.	
As	an	example,	Figure	9	illustrates	the	relationship	between	randomly	generated	values	
of	 noise	 exposure	 and	binomial	 response.	 	 As	 can	be	 seen,	 green	points	 (an	 observed	
response)	 can	 only	 take	 categories	 “0”	 or	 “1”.	 The	 concentration	 of	 category	 “0”	 is	 at	
lower	 rates	of	noise	 exposure,	whereas	 category	 “1”	 is	more	often	observed	at	higher	
range	of	noise	level.	The	light	blue	line	corresponds	to	simple	linear	regression	which,	as	
explained,	does	not	provide	correct	estimation.	
Figure	 10	 illustrates	 data	 from	which	 regression	 was	 estimated.	 In	 this	 figure,	 green	
marks	 are	 observations.	 The	 percentage	 scale	 refers	 to	 position	 of	 a	 category	 with	
respect	to	its	position	on	an	ordinal	scale.	Percentile	values	are	equally	placed	because	
of	the	assumption	that	each	interval	between	two	adjacent	category	levels	is	equal.	This	
is	 only	 true	 when	 response	 variable	 is	 ordinal.	 Otherwise,	 the	 percentage	 scale	 is	
meaningless‐‐when	 a	 response	 variable	 is	 nominal.	 The	 annoyance	 degrees	 were	
calculated	 from	 the	equation	 (3.1).	Percentage	 scale	 allows	 comparing	 this	 study	with	
the	others.	The	threshold	is	set	to	fifty	percentile	point	between	both	categories.	
Figure	11	shows	the	residual	distribution.	Comparing	the	residual	distribution	shown	by	







































































Ordinal	Regression	Model	 (ORM)	 is	 a	 simple	 extension	of	BRM.	 Long	 (1997)	provides	
explanation	 and	 derivation	 of	 formulas	 based	 on	 latent	 variable.	 It	 also	 offers	 a	 short	
discussion	 on	 different	 approaches	 focusing	 on	 deriving	 key	 formulas	 for	 ordinal	
regression	models.		The	derivations	are	based	on	utilizing	latent	variables	or	logits6.	The	















































τ0 = ‐∞ τ1
C1 C2 C3 C4 C5
τ2 τ3 τ4 τ5 = ∞
 36 
Development	of	the	model	
Apart	 from	 number	 of	 categories,	 all	 other	 rules	 regarding	 ORM	 remain	 the	 same.	
However,	 due	 to	 greater	 number	 of	 categories,	 a	 latent	 variable	 does	 not	 express	
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This	 is	 a	 general	 from	 because	 F(.)	 can	 be	 of	 either	 normal,	 or	 logistic,	 or	 any	 other	
distribution,	although	the	form	of	a	distribution	depends	on	distribution	of	the	error	εi	
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when	 exposure	 increases,	 so	 does	 length	 of	 green	 lines.	 As	 can	 be	 seen,	 the	 highest	
probability	 that	 m	 =	 1	 is	 for	 the	 lowest	 exposure	 x1‐‐the	 green	 area	 is	 the	 largest.	
Consequently,	 increases	 of	 exposures	 causes	 decreases	 of	 this	 area	 and	 therefore	









A	 common	way	of	 presenting	exposure‐response	 relationship	 is	 to	draw	a	 cumulative	
probability	curve.	Such	curves	include	responses	associated	with	not	only	one	category	
but	all	above	a	certain	thresholds.	In	Figure	13,	this	corresponds	to	the	area	under	the	
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the	increase	in	the	exposure.	Additionally,	the	lower	the	threshold	τm,	the	highest	is	the	
probability	 for	 the	 same	 xk,	 simply	 because	 the	 area	 under	 the	 normal	 distribution	 is	
larger.	Figure	14	shows	three	annoyance	curves	considering	three	thresholds	and	three	
different	levels	of	exposure.	Annoyance	between	the	threshold	τ1	and	+	in	Figure	13	is	




Similar	 to	 linear	 regression,	 parameters	 of	 binary	 regression	 or	 ordinal	 regression	
models	 have	 to	 be	 estimated.	 Unlikely	 for	 linear	 regression,	 set	 of	 linear	 equations	
cannot	be	applied,	 for	 the	model	 is	non‐linear	and	estimation	would	provide	 incorrect	
estimation	 due	 to	 biased	 standard	 error.	 Therefore,	 both	 models	 are	 estimated	 via	
maximum‐likelihood	function	(MLF).	It	is	out	of	the	scope	to	provide	full	explanation	of	
this	approach.	Nonetheless,	 for	given	data	 in	X,	 it	 is	 to	 find	best	set	of	parameters,	 for	
instance	 mean	 and	 standard	 deviation,	 which	 maximizes	 this	 function.	 This	 process	
involves	an	assumption	that	the	data	are	actually	of	a	particular	distribution.	When	the	
MLF	 takes	 the	same	 form,	parameters	are	estimated	via	mathematical	analysis	 finding	
first	 and	 second	 derivatives.	 Because	 the	 likelihood	 function	 is	 usually	 concave,	 the	
process	is	to	find	maximum	of	the	MLF.	
For	ORM,	MLF	takes	the	same	form	as	equation(3.10)	
	   1, | ( ) ( )n j i j i
i y j
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
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The	 expression	 y	 =	 j	 indicates	 that	 for	 this	 particular	 likelihood	 function	 (LF)	 only	
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corresponds	 to	 value	Z	 equal	 to	 1.96.	 Confidence	 intervals	 are	 finally	 calculated	 from	
equation	
, ,1 i L UC C
s
    	 (3.13)	
3.6. GOODNESS‐OF‐FIT	





differences	 between	 ordinary	 least	 square	 regression	 and	 mean.	 On	 the	 other	 hand,	
residual	 sum	of	 squares	SSR	 is	 calculated	 from	differences	between	 the	observed	data	
and	mean.	
 2R iSS y y  	
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close	 to	 the	 regression	 line	 representing	 a	 mean	 or	 expected	 value.	 Therefore,	 the	
nominator	 is	 low	 and	 R2	 reaches	 high	 values	 close	 to	 unity.	 On	 the	 other	 hand,	 if	
observations	 are	 scattered	 around	 regression	 mean,	 then	 nominator	 is	 similar	 to	
denominator	 and	 consequently	when	R2	 is	 low,	 it	means	 a	model	 does	 not	 accurately	
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predict	observations.	Unfortunately,	unlike	ordinary	least	squares	regression,	there	is	no	
universally	 accepted	 method	 of	 assessing	 the	 goodness‐of‐fit	 of	 a	 ordinal	 regression	
model,	 although	many	 approaches	 have	 been	 proposed.	Maximum	 likelihood	 function	
can	be	useful	in	comparing	two	models	(Agresti,	2002;	Long,	1997).	
Two	 models	 differ	 in	 terms	 of	 number	 of	 predictors.	 The	 simplest	 model	 is	 the	 one	
which	is	described	by	the	intercept	term	only.	On	the	other	hand,	any	other	predictors		
included	 in	 the	 model	 decreases	 amount	 of	 remaining	 variation	 as	 well	 as	 deviation	
between	data	set	and	a	model.	
The	 model	 is	 thought	 to	 be	 saturated	 (Agresti,	 2002)	 if	 all	 possible	 combination	 of	
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may	 be	 considered	 a	 complementary	 technique,	 yet	 giving	 important	 outcomes	 and	
supporting	main	 results	 obtained	 from	 application	 of	 the	 ordinal	 probit	model.	 Sleep	
disturbance	 is	 widely	 analysed	 via	 contingency	 tables	 and	 odds	 ratio.	 It	 has	 been	
confirmed	 that	 many	 non‐acoustical	 variables	 are	 associated	 with	 sleep	 disturbance	
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while	 controlled	 for	 noise	 exposure.	 For	 instance,	 the	 greater	 noise	 sensitivity,	 the	
increased	is	sleep	disturbance.	
Contingency	 tables	 can	be	used	 to	 compare	groups	on	proportions	of	 responses.	Odds	
Ratio	 may	 appear	 as	 a	 parameter	 in	 models.	 Usually,	 tables	 are	 analysed	 for	 two	
categorical	 data.	 However,	 it	 is	 common	 to	 introduce	 the	 third	 variable	 covariate	 and	
analyse	the	model	while	two	variables	are	controlled	for	the	third	one.	Most	of	analysis	
involves	 contingency	 tables	 with	 binary	 variables.	 The	 other	 distributions	 such	 as	
Poisson	and	multinomial	sampling	are	also	possible	(Agresti,	2002).	With	more	than	two	
category,	 variables	 in	 tables	 can	be	analysed	 in	 terms	whether	 they	are	ordinal.	Many	
outcomes	 become	 significant	 if	 this	 property	 is	 taken	 into	 account.	 Otherwise,	
contingency	 tables	 may	 show	 no	 association	 between	 variables	 when	 while	 ordinal	
character	of	variables	is	omitted.	
The	 full	 explanation	 on	 contingency	 tables	 is	 out	 of	 the	 scope	 of	 this	 document.	 Only	
important	 statistics	 used	 in	 analysis	 are	 presented	 in	 this	 section	 along	 with	 terms	





or	 non‐significantly	 different	 from	 to	 their	 expected	 values,	 then	 it	 is	 said	 that	 two	
variables	are	 independent.	The	 implication	of	 such	outcomes	shows	 that	variables	are	
not	associated;	that	is,	changes	of	one	variable	(exposure)	do	not	significantly	influence	
on	 changes	 of	 the	 other	 variable	 (annoyance).	 The	 chapter	 regarding	 results	 (See	
Chapter	5)	provides	analysis	of	independence	in	terms	of	Pearson’s	(	2)	and	likelihood	
ratio	 (G2)	 tests.	 This	 statistics	 simply	 compare	 each	 cell	with	 corresponding	 expected	








Row	 1	 2	 Total	
1	 π11	 π12	 π1+	(π1|1)	 (π2|1)	 (1.0)	
2	 π21	 π22	 π2+	(π1|2)	 (π2|2)	 (1.0)	




Row	 1	 2	 Total	
1	 n11	 n12	 n1+	(n1|1)	 (n2|1)	 (n)	
2	 n21	 n22	 n2+	(n1|2)	 (n2|2)	 (n)	






[π+j]	 for	 the	 column	 variable.	 The	 character	 “+”	 denotes	 the	 sum	 over	 the	 index,	 as	
shown	below	
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The	sum	of	each	marginal	distribution	along	either	dimension	gives	1.0.	
Expected	probabilities,	on	the	other	hand,	can	be	computed	from	the	formula	
 /1.0ij i j    	 (3.17)	
which	 is	 a	 product	 of	 two	 marginal	 probabilities	 divided	 by	 1.0.	 The	 term	 “1.0”	 is	
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3.7.3. Comparison	of	categorical	variables	












when	 their	 probabilities	 reach	 the	 extreme	 values,	 e.g.	 .010	 and	 0.001,	 difference	 of	
proportion	neglects	 its	 importance	 giving	 the	 same	outcome	0.009.	 Such	probabilities	
usually	 reflect	 a	 risk	 in	 terms	 of	 life	 or	 health.	 Therefore,	 very	 little	 changes	 in	








j i j i
i j i
RR
    


  	 (3.19)	
Probability	πj|i1	and	πj|i2	are	conditional	probabilities	of	Y	given	i1	and	i2.		Relative	risk	of	
1.0	corresponds	 to	 independence.	For	probabilities	presented	above,	 the	 relative	 risks	
are	equal	as	follows:	RR1	=	0.010/0.001	=	10	while	RR2	=	0.410/0.401	=	1.02.	As	can	be	
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An	 important	 part	 of	most	 studies	 is	 to	 conduct	 analysis	with	 the	 choice	 of	 a	 control	
variable.	When	an	effect	of	X	on	Y	is	studied,	it	is	noteworthy	to	consider	control	of	any	
covariate	 which	 influences	 on	 relationship	 between	 X	 and	 Y.	 This	 involves	 analysis	











counts	 from	 cells	 for	 each	 partial	 table.	 The	 table	 obtained	 by	 the	 latter	 operation	 is	
called	 marginal	 table.	 The	 outcomes	 from	 marginal	 tables	 are	 also	 compared	 with	
outcomes	 from	 partial	 tables	 to	 investigate	 relationship	 of	 two	 variables	 under	 or	
without	 the	 influence	 of	 a	 covariate	 (noise	 exposure).	 A	 couple	 of	 example	 regarding	
confounding	outcomes	are	discussed	by	(Agresti,	2002).	
Because	 the	 results	 from	 contingency	 tables	 are	 based	 on	 analysis	 from	partial	 and	 a	
marginal	table,	it	is	important	to	indicate	a	slight	difference	in	formula	(3.21).	For	simple	
contingency	 tables	 where	 a	 third	 variable	 is	 not	 involved,	 formula	 (3.21)	 is	 true.	
However,	 in	 terms	of	partial	 tables,	 formula	 (3.21)	 is	 applied	either	 to	 each	partial	 or	
marginal	 tables.	 Therefore,	 terms	 in	 this	 equation	 should	 simply	 have	 an	 additional	
index	referring	to	which	category	K	of	the	third	variable	is	this	formula	applied	for	
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   	 (3.22)	 	
Odds	 ratios	 are	 then	 called	 conditional	 odds	 ratio	 when	 applied	 to	 a	 partial	 table	 or	
marginal	odds	ratio	when	applied	to	marginal	table.	Marginal	table	is	the	same	table	as	





mentioned	due	 to	 its	 popularity.	However,	 considering	 socio‐psycho	 acoustic	 analysis,	
this	model	 cannot	 represent	 reality	due	 to	 its	 simple	but	 limited	approach.	Therefore,	
group	 regression	 model	 (Groothuis‐Oudshoorn	 et	 al.,	 2006)	 was	 considered	 in	 this	
section	along	with	Ordinal	Regression	Model.	However,	ordinal	probit	regression	model	
occurred	 to	 be	 involved	 along	 with	 the	 cumulative	 link	 function	 producing	 exposure‐
response	relationships	according	to	shapes	in	section	(3.5.2).	







The	 purpose	 of	 this	 chapter	 is	 to	 outline	 methodology	 regarding	 calculation	 and	
measurement	 noise	 and	 vibration	 exposure.	 Vibration	 was	 measured	 by	 a	 technical	
team	 using	 dedicated	 instrumentation.	 The	 technical	 team	 followed	 by	 specific	
procedures	 designed	 for	 this	 purpose	 (See	 10	 ‐	 Appendix	 C).	 Noise	 was	 calculated	
according	 to	 standard	 CRN	 (Department	 of	 Transport,	 1995)	 for	 each	 site	 where	
vibration	was	measured.	CRN	and	its	updated	version	(Department	of	Transport,	2007)	
were	 inspected	before	calculation	was	computed.	Although	the	routine	seems	to	cover	
most	variations	that	can	be	anticipated,	 it	was	not	 feasible	 to	 include	 full	reality	when	
noise	exposure	was	predicted.	




the	method	 from	 and	 compute	 Lden	 instead	 of	 Ldn.	 In	 terms	 of	 vibration,	 two	metrics	
were	used	to	express	vibration	exposure:	VDVb,24h	which	is	defined	in	BS	6472‐1:1992	
and	RMS	Wk	defined	in	European	standard	ISO	2631:1997.	







This	 section	 presents	 only	 a	 brief	 review	 on	measurement	 of	 annoyance	 ratings.	 The	
responses	 on	 annoyance	 ratings	 have	 been	 gathered	 by	 means	 of	 social	 survey	
questionnaire.	 The	 details	 on	 development	 this	 questionnaire	 can	 be	 find	 in	 technical	
report	2(3)	“Measurement	of	response”	(Condie	et	al.,	2011b).	
Apart	 from	 questions	 for	 respondents,	 the	 questionnaire	 also	 contains	 information	
regarding	 dwelling	 and	 surrounding	 area.	 The	 social	 survey	 questionnaire	 have	 been	
divided	 into	 following	 sections:	 vibration	 questions	 –	 this	 questions	 meant	 to	 gather	




annoying	 were	 vibration	 during	 day,	 evening	 or	 night;	 railway	 noise	 –	 similarly	 to	
railway	 vibration,	 participants	 were	 asked	 to	 rate	 annoyance	 due	 to	 railway	 noise;	
personal	 and	 occupancy	 information	 –	 respondents	 were	 asked	 about	 demographic	
information	 (age,	 gender,	 ethnicity,	 employment	 status,	 occupation)	 and	 about	 time	
during	week	or	weekend	they	were	at	home.	
The	 questionnaire	 contains	 two	 response	 scales	 to	 measure	 an	 individual’s	 level	 of	
annoyance:	 five	 point	 semantic	 scale	 and	 eleven	 point	 numeric	 scale.	 Details	 of	 the	
choice	 of	 annoyance	 scales	 can	 be	 found	 in	 technical	 report	 2	 “Measurement	 of	
response”	(Condie	et	al.,	2011b)	and	section	3.2.	
Both	scales	were	recommended	by	(DD	ISO/TS	15666:2003)	 for	socio‐acoustic	survey	
design.	 It	 was	 also	 recommended	 by	 Fields	 et	 al.	 (2001)	 for	 socio‐vibration	 survey	
design.	The	five‐point	annoyance	scale	tend	to	be	designed	in	a	unipolar	format,	where	
scale	starts	from	neutral	category	e.g.	"not	at	all"	annoyed,	to	a	negative	(e.g.	extremely	





five	 labels	 –	not	at	 all,	 slightly,	moderately,	 very,	 extremely	–	were	 identified	as	being	
equidistant	 from	 one	 another	 (Fields	 et	 al.,	 2001).	 The	 five	 point	 scale	 was	 also	
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implemented	because	it	is	important	that	annoyance	scales	can	be	comparable	to	other	




On	the	other	hand,	 the	purpose	of	 implementing	 the	eleven	point	numerical	scale	was	





Vibration	 exposure	 can	 be	 expressed	 in	 number	 of	 metrics	 specified	 in	 a	 number	 of	
national	and	international	standards	with	respect	to	human	response.	Some	of	them	are	
listed	 and	 considered	 in	 analysis	 for	 exposure‐response	 relationships	 in	 Technical	
Report	6	(Woodcock,	Peris,	et	al.,	2011).	In	terms	of	human	response,	guidance	usually	
specifies	 an	 averaging	 method	 including	 time	 of	 exposure.	 Secondly,	 frequency	
weighting	curves	are	also	provided	to	specify	the	sensitivity	of	humans	to	the	perception	
of	 vibration	 at	 different	 frequencies	 (See	 Figure	 15).	 Thirdly,	 weighting	 curves	 are	
applied	 to	acceleration	signals	so	 that	 the	human	perception	 to	vibration	 is	 taken	 into	
account.	 BS	 6472‐1:2008	 suggests	 the	 use	 of	 VDV	 (ms‐1.75)	 for	 reporting	 whole	 body	
vibration	 exposure	 and	 ISO	 2631‐1:1997	 suggests	 the	 use	 of	 RMS	 acceleration	 (ms‐2)	
(Woodcock,	Peris,	et	al.,	2011).	







VDV a t dt













. . .1.4 r m seVDV a t   	 (4.2)	
The	 term	ar.m.s.	 denotes	 an	averaged	 signal	using	 root‐mean	 squared	acceleration.	 It	 is	
however	underestimated	true	vibration	dose	value	(VDV)	when	the	crest	factor	exceeds	










The	 term	 apeak	 denotes	 amplitude	 or	 maximum	 possible	 value	 in	 a	 signal.	 Weighting	








night	 time,	 respectively.	 In	 this	Thesis	however	exposure	 to	vibration	 is	expressed	 for	

























period	of	24h	and	only	vertical	 component	 is	 considered.	Therefore,	 the	 term	velocity	
dose	value	is	defined	as	VDVb,24h.	
ISO	2631‐1:1997	recommends	the	use	of	the	Wk	weighting	curve	for	acceleration	signals	
in	 the	 vertical	 direction	 and	 the	 Wd	 curve	 for	 acceleration	 signals	 in	 the	 horizontal	
direction.	 Additional	 curve	 Wm	 is	 recommended	 by	 ISO	 2631‐2:2003.	 This	 curve	 is	
applied	to	acceleration	signals	in	any	direction	(Woodcock,	Peris,	et	al.,	2011).	RMS	Wk	
likewise	VDVb,24h	was	 calculated	 for	 a	period	of	24h	and	only	vertical	 component	was	
taken	 into	account.	Therefore,	RMS	 is	defined	as	RMS	Wk	 in	 this	 thesis	 (or	 sometimes	
denoted	as	RMSk).	
It	 has	 been	 hypothesised	 that	 a	 number	 of	 vibration	 metrics	 might	 be	 potentially	
important	 to	 express	 exposure‐response	 relationship	 based	 on	 present	 data	 set.	
However,	after	analysis,	Woodcock,	Peris,	et	al.	(2011)	has	concluded	that	the	choice	of	
vibration	 metrics	 is,	 based	 on	 present	 data	 set,	 dictated	 by	 ease	 of	 calculation,	
interpretability,	 current	 practice,	 and	 the	 measurement	 capability	 of	 the	 user	 of	 the	





calculation	 of	 vibration	 exposure	 have	 been	 explained	 elsewhere.	 Some	 brief	
information	 is	 provided	 in	 two	 following	 sections,	 though.	 Nevertheless,	 for	 more	
detailed	information	regarding	vibration	exposure,	the	Reader	is	suggested	to	study	two	
following	reports:	Technical	report	3	(Sica	et	al.,	2011)	to	understand	the	calculation	of	






of	 the	 threshold	of	human	perceptibility	of	vibration	as	stated	 	 in	(BS	6841:1987)	and	
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of	using	 this	accelerometer	 that	can	be	studied	 in	more	details	elsewhere	(Peris	et	al.,	
2011;	 Sica	 et	 al.,	 2011).	 All	 in	 all,	 the	 instrument	 is	 characterised	 by	 following	
advantages:	 ease	 of	 use,	 reliability,	 easy	 calibration	 and	 monitoring	 the	 accuracy	 of	
measurements,	GPS	connectivity	and	synchronization	with	other	similar	instruments,	a	










 Following	 an	 interview,	 the	 respondent	 is	 asked	 if	 they	 are	 willing	 to	 allow	 a	





The	 measurement	 set‐up	 was	 based	 on	 long‐term	 monitoring	 measurements	 and	
synchronized	 short‐term	 internal	measurements.	 Control	 position	measurement	 was	 a	








the	 control	 position	 is	 allocated,	 internal	 measurements	 are	 conducted	 in	 properties	
which	 agreed	 for	 an	 internal	 measurement	 after	 taking	 part	 in	 the	 survey.	 Ideally,	
internal	measurements	are	taken	by	mounting	the	Guralp	CMG‐5TD	units	in	the	room	in	





of	 twelve	 sites.	 In	 overall,	 measurements	 of	 railway	 vibration	 have	 been	 conducted	
internally	in	522	properties,	which	is	56%	of	the	total	number	of	interviews.	However,	
many	 respondents	 didn´t	 agree	 to	 the	 use	 of	 vibration	monitoring	 equipment	 at	 their	
property	so	in	that	case	considering	that	internal	agreements	were	not	achieved	for	all	
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in	 the	 very	 previous	 subsection.	 Nonetheless,	 this	 section	 also	 provides	 some	
explanation	on	this	matter.	The	main	features	of	the	approach	are	as	follows:	
 Long‐term	 monitoring	 at	 an	 external	 position	 herein	 referred	 as	 the	 ‘control	
position’.	 Where	 possible,	 the	 control	 position	 is	 located	 at	 a	 similar	 distance	
from	the	railway	as	the	affected	properties.	
 Synchronized	 short‐term	 snapshot	 measurement	 taken	 in	 the	 respondent’s	
dwelling	as	close	the	point	of	entry	as	possible.		
 Calculation	of	a	 control‐to‐internal	velocity	 ratio	 (frequency	dependent)	 from	1	
and	2.	









processed	 in	MATLAB.	 Events	were	 identified	 in	 the	 Z‐direction	 control	 position	 time	
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history	 data	 via	 a	 process	 based	 on	 a	 STA/LTA7	 algorithm	 (Sica	 et	 al.,	 2011)	 and	 a	































By	 taking	 the	ratio	of	STA	and	LTA,	 it	 is	possible	 to	(1)	 filter	out	very	short	 impulsive	
events	and	(2)	extract	 those	events	which	represent	 train	passes.	The	example	of	STA	
and	 LTA	 in	 action	 is	 illustrated	 by	 Figure	 18,	 whereas	 the	 illustrated	 result	 from	
STA/LTA	is	showed	by	Figure	19.	The	algorithm	needs	to	be	tuned	to	an	analysed	signal;	
that	 is,	 the	 length	of	 STA	and	LTA	and	 the	 threshold	have	 to	be	 carefully	 chosen.	The	
velocity	ratio	for	each	event	is	linearly	averaged	to	determine	an	average	velocity	ratio	
for	the	case	study	under	analysis.	The	average	velocity	ratio	for	a	case	study	can	then	be	










The	prediction	of	 the	exposure	 from	railway	vibration	was	 calculated	 in	 the	 following	
cases:	 internal	 measurement,	 external	 measurement,	 and	 no	 measurement.	 In	 the	
derivation	of	the	exposure‐response	relationship	only	the	internal	and	no	measurement	
cases	have	been	considered.	The	reason	is	given	by	the	main	aim	of	the	study	itself	that	









To	 express	 noise	 exposure	 over	 a	 24h	 time	 period,	 a	 noise	 descriptor	 Lden	 has	 been	
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Lden	 has	 been	 defined	 in	 the	 EC	 (Directive	 2002/49/EC,	 2002)	 and	 adapted	 during	
investigation	of	exposure	‐	response	relationships	in	similar	research	studies	(Miedema	
et	al.,	1998;	Miedema	et	al.,	2001;	Miedema,	2004).	Ldn	originally	calculated	from	CRN	is	
similarly	 expressed	 with	 difference	 that	 evening	 time	 is	 not	 taken	 for	 consideration.	
Consequently,	it	is	defined	in	terms	of	average	A‐weighted	sound	pressure	level	during	
daytime	 (07:00	 ‐	 23:00)	 and	night	 time	 (23:00	 ‐	 07:00)	 and	 imposes	 a	 10	dB	penalty	
during	the	night	time	
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The	Table	7	 contains	 four	 correlation	 factors	 calculated	on	both	5‐point	 semantic	and	
11‐point	 numeric	 scales.	 In	 both	 cases,	 full	 range	 of	 participants	 and	 their	 subset	 of	












1	 Lden	 5‐point	semantic	scale	 0.0783*	
2	 Lden		(only	reported	HA)	 5‐point	semantic	scale	(HA)	 0.0457*	
3	 Lden	 11‐point	numeric	scale	 0.149*	




Several	 non‐parametric	 ANOVA	 tests	 (Kruskal‐Wallis)	 have	 been	 conducted	 to	
investigate	whether	group	of	respondents	reporting	to	be	highly	annoyed	is	significantly	
different	from	the	group	of	reporting	lower	categories.	In	5‐point	semantic	scale,	this	is	











Source	 SS	 df	 MS	 Chi‐sq	 p	>	Chi‐sq		
Groups	 1.10E+06	 1	 1104156	 19.88	 8.25E‐06	
Error	 4.42E+07	 814	 54258.7	
Total	 4.53E+07	 815	
N	=	816	




















Source	 SS	 df	 MS	 Chi‐sq	 p	>	Chi‐sq	
Groups	 340702.8	 1	 340703	 6.13	 0.0133	














of	 period,	 all	 noise	 measurements	 were	 carried	 for	 the	 same	 length	 as	 vibration	
measurements,	which	 according	 to	 the	 procedure	 have	 been	 specified	 to	 be	 about	 30	
min	 as	minimum	 (See	 chapter	 10	 ‐	 Appendix	 C).	 This	 period,	 however,	 varied	 due	 to	
number	 of	 events	 that	 has	 to	 be	 recorded.	 	 The	 results	 obtained	 from	measurements	
tended	to	be	used	 for	validation	of	prediction.	Despite	 the	conditions	specified	 in	CRN	
(Department	 of	 Transport,	 1995),	 for	 logistical	 reasons	 only	 a	 selected	 number	 of	
measurements	were	 performed.	 Additionally,	 difficulties	were	 encountered	 in	 placing	
the	monitoring	 equipment	 in	 a	 position	 free	 from	 the	 influence	 of	 obstacles	within	 a	
50m	radius	that	is	specified	in	CRN.	
4.6.1. Results	from	measurement	of	noise	
Measurements	 from	 railway	 sources	 played	 rather	 additional	 role	 and	 have	 been	
conducted	 in	 order	 to	 investigate	 a	 potential	 possibility	 to	 undertake	 internal	
measurements.	 Unfortunately,	 background	 noise	 in	 most	 properties	 was	 significantly	
high	and	prevented	from	obtaining	clear	recordings.	The	other	measurements	could	be	
utilized	 as	 a	 simple	 validation	 or	 reference	 to	 prediction.	 For	 this	 purpose,	 external	
measurements	have	been	conducted	at	the	most	exposed	facade.	
Both	Figure	22	and	Figure	23	illustrate	two	examples	of	internal	measurements.	Figure	
22	 presents	 a	 very	 noisy	 event.	 The	 value	 of	 LAeq	 (exceeding	 65	 dB(A))	 at	 that	 time	
suggests	 possible	 construction	 work	 and	 the	 fact	 a	 participant	 was	 subjected	 to	 an	
extraneous	internal	noise.	
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aircraft,	 trains	 or	 road	 traffic	 sources.	 One	 approach	 to	 solve	 the	 problem	 regarding	
identification	of	 transportation	noise	 is	 to	 apply	 additional	 equipment	 to	 record	noise	
sources	and,	via	revision,	identify	events	manually.	More	sophisticated	approach	would	
involve	 auto‐detecting	 events	 or	 short	 or	 long‐period	 monitoring	 at	 the	 site;	 one	
microphone	 at	 the	 most	 practical	 and	 convenient	 location	 would	 probably	 fulfil	 the	
purpose.	The	disadvantage	of	the	latter	approach	is	that	the	equipment	would	have	been	





































































Table	 10	 shows	periods	 over	which	measurements	 took	place	 specifying	 a	 number	 of	





it	 can	 be	 clear	 that	 prediction	 appears	 to	 overestimate	 noise	 exposure	 from	 railway	








































Property	a	 81.8	 10:54:41	 11:47:13 153	 00:02:33	 14	 93.4	 16	
Property	b	 82.8	 12:07:18	 12:37:00 211	 00:03:31	 6	 93.3	 16	
Property	c	 82.9	 10:54:59	 11:19:39 99	 00:01:39	 11	 90.8	 10	
Property	d	 84.5	 12:40:50	 13:08:16 296	 00:04:56	 10	 91.4	 10	
Property	e	 85.2	 16:07:47	 16:45:50 443	 00:07:23	 14	 93.7	 18	
St.	2	 Property	a	 80.1	 18:55:02	 19:19:15 189	 00:03:09	 8	 95.4	 28	Property	b	 78.9	 15:11:52	 16:01:43 354	 00:05:54	 12	 93.1	 16	
Site	B	 St	3	
Property	a	 81.7	 17:25:00	 17:57:25 323	 00:05:23	 11	 89.9	 4	
Property	b	 78.3	 16:52:16	 17:29:08 189	 00:03:09	 6	 86.2	 4	
St.	4	 Property	a	 84.2	 19:07:09	 19:33:08 519	 00:08:39	 11	 83.2	 3	





An	 important	 observation	 from	 the	preceding	 section	 is	 that	 for	 environmental	 noise,	
the	 definite	 discrepancy	 exists	 between	 results	 obtained	 from	 internal	 and	 external	





a	 reception	 point	 regularly	 every	 15	 minutes.	 The	 figure	 presents	 some	 outdoor	
activities.	 However,	 it	 is	 worth	 noting	 that	 in	 the	 part	 of	 the	 measurement	
corresponding	 to	 a	 period	 of	 low	 level	 of	 noise,	 external	 sources	 hardly	 exceeds	 45	
dB(A)	whilst	 an	 average	 of	 level	 of	 an	 internal	 source	 is	 found	 to	 be	 about	 55	 dB(A).	
Results	from	measurement	of	external	events,	having	such	a	low	sound	level,	were	found	
difficult	 to	 deal	 with.	 Therefore,	 it	 was	 rather	 infeasible	 to	 determine	 an	 internal	
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exposure	from	internal	measurements.	Hence,	it	is	thought	that	the	best	approach	is	to	
assume	 that	 external	 exposures	 might	 decently	 correlate	 with	 internal	 exposures.	 A	
number	of	documents	regarding	noise	exposure,	response	and	annoyance	relationships	
rely	 on	 external	 exposure	 calculation	with	 the	 same	 assumption	 (Fields	 et	 al.,	 1982b;	
Miedema	et	al.,	1998;	Miedema	et	al.,	2001;	Schultz,	1978).	There	is	only	slight	evidence	
of	a	correlation	between	an	internal	and	an	external	exposure	but	a	few	papers	assume	
that	 the	 correlation	 exists	 although	 not	 having	 sufficient	 data	 (Graham	 et	 al.,	 2009;	
Shield	et	al.,	2004).	
4.7. CALCULATION	OF	NOISE	EXPOSURE	FROM	RAILWAY	
Noise	 exposure	 from	 railway	 traffic	 was	 predicted	 from	 CRN.	 In	 terms	 of	 period,	 all	
noise	measurements	were	carried	 for	 the	same	 length	vibration	measurements,	which	
according	to	the	procedure	have	been	specified	to	be	30	min	as	minimum.	This	period,	
however,	 varied	 due	 to	 number	 events	 recorded.	 Although	 two	 approaches	 were	
considered	 towards	 validating	 the	 results	 from	 the	 prediction,	 a	 more	 sophisticated	





the	 final	 noise	 emission	 from	 railway	 vehicles	 passing	 by	 a	 point	 of	 reception.	
Additionally,	 CRN	 covers	 site	 topography,	 ground	 reflection,	 number	 of	 vehicles	 per	
train,	 number	 of	 trains	 per	 24	 h,	 air	 absorption	 (although	 this	 is	 primarily	 a	 high	
frequency	 effect),	 distance	 correction,	 barrier	 attenuation,	 reflections	 from	 facades	 as	
well	as	the	reflective	contributions	of	buildings	surrounding	the	point	of	reception.	The	
most	 significant	 and	 accurate	 approach,	 however,	 requires	 a	 great	 deal	 of	 detailed	
information	 regarding	 sites.	 Therefore,	 the	 prediction	 is	 based	 on	 a	 number	 of	
assumptions.	 The	 number	 of	 trains	 was	 estimated	 based	 on	 event	 extraction	 from	
signals	from	control	positions	monitoring	vibration	for	24	h	in	the	vicinity	of	rail	lines.	




The	 first	 of	 the	 assumptions	 refers	 to	 the	 train	 speed.	 Each	 train,	 and	 hence	 its	
constituent	 vehicles,	 has	 a	maximum	 speed	dependent	upon	 the	 type	 of	 the	 train,	 e.g.	
Class	390	(Pendolino)	are	probably	the	fastest	trains	that	can	reach	a	high	speed	similar	
to	200	km/h.	On	 the	other	hand,	older	 trains	 such	as	Class	170	 (Turbostar)	 are	much	
slower	whose	speed	would	probably	not	exceed	160	km/h.		
The	second	assumption	covers	a	number	of	vehicles	that	trains	are	comprised	of.	More	
vehicles	 greatly	 increase	 sound	 exposure	 level.	 Class	 390	 uses	 trains	 composed	 by	 9	
vehicles.	 This	 is	 an	 additional	 issue	 as	 some	 of	 the	 vehicles	 work	 as	 a	 power	 feed.	
Therefore,	 vehicles	 can	be	Driving	Motor,	 Intermediate	Motor,	 or	 Intermediate	Trailer	
etc.	 Trains	 such	 as	 Pendolino	 (Class	 390)	 are	 called	 an	 electric	 multiple	 unit	 (EMU),	
similarly	 to	 diesel	 multiple	 units	 (DMU).	 Despite	 the	 variation	 in	 terms	 of	 a	 vehicle	




to	 apply	 separate	 number	 of	 vehicles	 to	 each	 train.	 Therefore,	 an	 average	 number	 of	
vehicles	was	assumed	to	be	5.	
Another	assumption	refers	to	noise	emissions	from	a	single	vehicle.	The	noise	emission	
is	 assumed	 to	be	 constant	 for	 all	 constituent	 train	 vehicles,	 and	 so	 a	 correction	of	 7.0	
dB(A)	per	vehicle	was	assumed.	
The	distance	between	rails	and	the	point	of	response	was	estimated	from	Google	Maps.	
A	 different	 number	 of	 tracks	 can	 be	 found	 in	 different	 rail	 lines.	 CRN	 (paragraph	 19)	
requires	 the	 source	 to	 be	 a	 near‐side	 rail	 head.	 However,	 at	 almost	 each	 site,	 the	










Calculations	 of	 noise	 exposure	 were	 conducted	 for	 passenger	 and	 freight	 trains.	 The	
number	 of	 trains	 was	 obtained	 from	 estimating	 times	 of	 all	 events	 from	 all	 control	
positions	measuring	 vibration	 for	 24h.	 If	 there	were	more	 than	 one	 control	 position,	
monitoring	the	same	rail	 line	(see	Figure	26),	an	average	number	of	 train	occurrences	


































 A	 number	 of	 passenger	 trains	 and	 a	 number	 of	 freight	 trains	 during	 daytime,	
evening	and	night‐time	was	estimated	from	control	positions	
 LAE	 corrections	 are	 assumed	 to	 be	 7	 dB(A)	 for	 passenger	 train	 vehicles,	 14.8	
dB(A)	for	a	freight	train	diesel	locomotive	and	7.5	dB(A)	for	a	laden	freight	train	
vehicle	(wagon)	
 Speeds	 of	 passenger	 and	 freight	 trains	 were	 assumed	 based	 on	 information	
provided	by	Network	Rail		
 The	 position	 of	 noise	 source	 for	 passenger	 trains	 was	 set	 to	 0.25m	 above	 the	
ground	 (the	 point	 where	 noise	 emission	 high	 speeds)	 for	 all	 vehicles	 except	
diesel	 locomotives	 operating	 under	 full	 power,	 which	 required	 the	 effective	
source	position	of	four	meters	above	the	ground	level	
 The	distance	between	point	of	 source	and	reception	was	 calculated	 from	aerial	
data;	 including,	 whenever	 it	 was	 possible,	 path	 length	 differences	 caused	 by	
cuttings	off	












periods,	 this	would	not	 necessarily	 be	 the	 case	 at	 other	 times.	 This	 is	 because	 freight	
trains	 do	 not	 travel	 regularly	 according	 to	 any	 scheduled	 timetable.	 The	 quietest	
observed	 site	 can	 be	 explainable	 by	 the	 fact	 that	 only	 a	 small	 number	 of	 trains	 are	
scheduled	 to	 pass	 the	 reception	 point.	 Additionally,	 freight	 trains	 were	 not	 always	
encountered	during	measurements	but	 some	of	 them	were	extracted	 from	the	control	
position	signals	monitoring	vibration	for	24h.	It	is	noteworthy	that	the	analysis	is	based	
on	 only	 24h	 windows	 of	 measurements.	 In	 this	 time,	 freight	 train	 pass‐bys	 might	 or	
might	 not	 occur.	 Additionally,	 not	 all	 rail	 lines	 /	 tracks	 are	 dedicated	 to	 be	 used	 by	
freight	trains,	that	is	also	the	reason	why	a	couple	of	sites	seem	to	be	noisier	with	regard	
to	the	period	of	twenty	four	hours.	
Table	 13.	 shows	 values	of	 calculated	 external	 noise	 exposures	 from	CRN	of	 all	 sites	 presented	 in	 three	




respondents	 Av.	Lden	 Min	Lden	 Max.	Lden	
Site	A	 115	 57.9	 40.4	 61.2	
Site	B	 30	 58.0	 49.7	 61.5	
Site	C	 9	 53.8	 51.3	 56.0	
Site	E	 64	 67.2	 58.6	 73.9	
Site	F	 61	 59.6	 54.4	 63.1	
Site	H	 87	 62.2	 56.9	 68.0	
Site	I	 155	 63.2	 57.0	 68.6	
Site	J	 235	 60.2	 53.1	 66.9	
Site	K	 45	 61.0	 49.6	 70.4	
Site	L	 43	 62.9	 57.4	 67.4	
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4.7.5. Justification	and	discussion	on	the	methodology	of	prediction	
The	choice	of	prediction	was	dictated	rather	by	constraints	 found	during	 the	work	 for	
the	 Defra	 funded	 project.	 Due	 to	 vast	 number	 of	 vibration	 measurements	 conducted	
during	the	field	work,	prediction	may	have	only	been	the	reasonable	choice	to	obtain	a	
correct	set	of	noise	exposures	for	each	property	where	vibration	exposure	had	already	
been	 conducted	 for.	 Technical	 issues	 made	 it	 infeasible	 to	 conduct	 measurements	 at	
each	 site.	 If	 accuracy	 from	 prediction	 is	 somehow	 questioned,	 it	 is	 definitely	 not	 a	
methodology	issue.	Calculation	of	Railway	Noise	(Department	of	Transport,	1995)	was	
and	 probably	 still	 is	 one	 of	 the	 best	 routine	 to	 obtain	 a	 reasonable	 prediction	 from	
railway	traffic.	In	this	project,	the	issue	was	the	ability	to	recognise	a	site	from	maps.	It	is	
though	 concluded	 that,	 discrepancies	 are	 significant	 but	 the	 results	 from	 analysis	 can	
still	provide	reasonable	outcomes.	


















By	 examining	 Table	 10	 (See	 section	 4.6.1,	 p.	 59),	 one	 can	 find	 significantly	 high	
discrepancies	between	measurements	and	prediction.	The	first	problem	appearing	as	an	
immediate	 issue	 is	 that	 prediction	 is	 always	 higher	 for	 each	 property;	 meaning	
prediction	seems	to	highly	overestimate	noise	exposure.	One	of	the	reasons	is	probably	
the	 fact	 that	 most	 objects	 influencing	 on	 final	 noise	 level	 could	 not	 be	 included	 in	
prediction.	Secondly,	the	difference	may	also	be	caused	by	a	number	of	events	extracted	




Uncertainties	 regarding	 prediction	 of	 noise	 exposure	 have	 been	 calculated	 and	
presented	in	Table	17.	The	main	uncertainties	were	due	to	differences	in	the	number	of	
vehicles,	 which	 varies	 from	 train	 to	 train.	 Trains	 operating	 between	 local	 stations	
typically	comprise	of	two	or	a	maximum	of	three	vehicles.	Conversely,	fast	long	distance	
trains	 typically	 comprise	 of	 five	 or	 nine	 vehicles.	 Due	 to	 aforementioned	 issues	
regarding	 prediction,	 uncertainties	 became	 quite	 significant	 in	 number.	 The	 same	
outcome	can	be	observed	studying	Table	10	on	page	63.	Most	predicted	sound	exposure	









 Uncertainties	 due	 to	 calculation	 of	 exposure	 to	 noise	 based	 on	 Calculation	 of	
Railway	Noise	
More	 detailed	 explanation	 of	 uncertainties	 was	 included	 in	 Technical	 Report	 3	
“Calculation	of	Vibration	Exposure”	(Sica	et	al.,	2011).	
4.8.2. Uncertainties	due	to	external	measurements	of	train	events	occurrence	











Uncertainties	associated	with	 internal	exposure	calculation	are	presented	 in	 the	Table	
16.	The	most	difficult	 issue	 found	during	 the	 limited	number	of	 indoor	measurements	
was	the	very	low	internal	level	of	external	noise	sources	(those	of	main	interest).	With	
such	a	 low	 level	of	sound	pressure,	 it	was	not	considered	 feasible	 to	obtain	data	upon	
which	analysis	could	be	performed	with	sufficient	accuracy.	
Table	15.	Uncertainty	budget	evaluation	for	external	noise	exposure	from	railway	sources.	
































from	 railway	 traffic	 using	 predictive	 methods.	 Uncertainties	 mainly	 arise	 from	





the	ground	correction	which	differs	 from	site	 to	site	and	the	speed	of	 trains	 travelling	
through	residential	areas,	where	differences	in	speed	are	dependent	upon	on	grade,	area	
etc.	 It	 is	 worth	 noting	 that	 ground	 correction	 was	 included	 in	 calculation	 of	 overall	








































































































Barriers	 The	area	of	trees	and	fencing	between	source	and	receiver	 ±	0.5	 Rect.	 0.083	




Obstacles	 Sheds,	fences,	trees	etc.	 ±	0.5	 Rect.	 0.289	
Receiver	





railway	was	 provided	 in	 the	 Technical	 report	 3	 (Sica	 et	 al.,	 2011).	 Briefly,	 important	
aspects	of	theory	were	presented	in	this	document	followed	by	calculation.	In	general,	in	





 No	Measurement	 	 ±6.2	dB	
The	term	Internal	Measurement	corresponds	to	measurements	which	took	place	inside	
properties.	 The	 term	No	Measurement	 means	 that	 vibration	 exposure	 for	 a	 particular	
property	had	to	be	obtained	from	prediction.	Such	situations	took	place	if	nobody	could	
give	permission	for	vibration	measurements	inside	or	outside	a	property.	Consequently,	
vibrations	were	 predicted	 based	 on	wealth	 data	 set	 from	 the	 other	 similar	 buildings.	
However,	due	to	prediction	of	exposure,	the	uncertainty	had	to	be	risen.	
4.10. SUMMARY	
This	 chapter	provided	an	outlined	explanation	on	determination	of	 response	 followed	
by	 outline	 on	 metrics	 applied	 to	 describe	 vibration	 exposure.	 Finally,	 a	 detailed	
explanation	was	provided	with	regards	to	noise	exposure.	
The	 noise	 index	 Lden	 is	 found	 to	 be	 questioned	 in	 socio‐acoustics	 surveys,	 yet	 it	 still	
remains	a	widely	accepted	common	measure	of	noise	exposure.	 It	was	 found	that	Lden	
does	 not	 fully	 reflect	 the	 phenomenon	 of	 exposure‐response	 relationship	 to	
transportation	noise	because	the	percentage	of	variance	accounted	for	this	relationship	
is	 found	to	be	 low.	There	 is	a	number	of	other	non‐acoustical	 factors	that	 influence	on	
annoyance	caused	by	 railway	and	 these	 factors	are	not	 implemented	or	accounted	 for	
exposure‐response	 relationship	 to	 noise	 when	 noise	 exposure	 is	 expressed	 by	 Lden.	
Nevertheless,	it	can	be	found	that	Lden	is	suggested	by	(Directive	2002/49/EC).	
The	 noise	 was	 calculated	 from	 CRN	 (Department	 of	 Transport,	 1995)	 including	 the	
update	 of	 this	 document	 (Department	 of	 Transport,	 2007).	 For	 expression	 of	 noise	
exposure,	 this	 document	 suggests	 to	 compute	 noise	 index	 Ldn.	 Therefore,	 the	
methodology	was	adjusted	to	fulfil	the	recommendations	and	express	noise	exposure	as	
Lden.	
In	 terms	of	 vibration	exposure,	 two	metrics	are	used:	VDVb,24h	 and	RMS	Wk.	Based	on	
present	data	set,	these	two	metrics	become	important	after	comparing	them	with	other	
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vibration	metrics	which	might	 be	 potentially	 important	 to	 express	 exposure‐response	
relationship	with	respect	to	vibration	(Woodcock,	Peris,	et	al.,	2011).	
Finally,	 this	 chapter	 provided	 uncertainty	 evaluations	 due	 to	 calculation	 from	 CRN	
(Department	of	Transport,	1995)	because	values	predicted	from	this	document	cannot	
be	certain.	CRN	provided	the	routine	that	covered	most	common	situations	encountered	














combination	 of	 these	 effects.	 The	 chapter	 starts	 with	 presenting	 exposure‐response	
relationship	to	noise	and	discussing	three	threshold	curves	indicating	percent	annoyed	
given	noise	exposure.	Noise	has	been	expressed	by	Lden	which	is	defined	as	a	24h	noise	
exposure	 index	 including	penalties	of	5	dB(A)	and	10	dB(A)	added	to	 the	evening	and	
night	 time	 periods	 represented	 by	 components	 Levening	 and	 Lnight,	 respectively	 (See	
section	4.5).	
Noise	exposure	is	further	analysed	and	discussed	with	regard	to	sleep	disturbance.	The	
different	 proportions	 of	 annoyed	 can	 be	 observed	 when	 this	 effect	 is	 considered.	
Because	the	sleep	disturbance	has	been	found	to	be	an	important	influential	factor,	this	
effect	 has	 also	 been	 investigated	 with	 relationship	 to	 noise	 sensitivity	 and	 noise	
acceptance	while	those	effects	have	been	controlled	for	noise	exposure.	




The	 following	 section	 presents	 a	 number	 of	 graphs	 illustrating	 exposure‐response	
relationship	 to	 vibration	 expressed	via	 two	 indices	 such	 as	VDVb,24h	 and	RMS	Wk.	The	
graphs	 illustrate	 percentage	 of	 highly	 annoyed	 along	 with	 little	 and	 moderately	
annoyed.	Vibration	 is	also	analysed	with	respect	 to	sleep	disturbance	but	 this	effect	 is	
discussed	elsewhere	in	more	details.	
The	 chapter	 ends	 with	 discussion	 on	 combined	 effects	 from	 noise	 and	 vibration.	
However,	 a	 point	 has	 to	 be	 made	 about	 the	 fact	 that	 vibration	 was	 included	 as	 a	
 77 
complementary	 effect	 and	 therefore	 analyses	 are	 limited	 to	 vibration	 exposures	
calculated	 from	 24h	 weighted	 acceleration	 time	 period.	 Nevertheless,	 the	 section	
provides	evidence	that	annoyance	may	 increase	when	both	effects	occur.	To	provide	a	




to	 predicted	 noise	 from	 CRN.	 Noise	 exposure	 has	 been	 calculated	 for	 931	 cases.	 It	 is	
expressed	by	Lden	which	an	index	covering	24‐hours	time	period.	Response,	on	the	other	
hand,	 was	 measured	 via	 a	 social	 survey	 questionnaire	 conducted	 during	 face	 to	 face	
interviews.	 The	 curves	 in	 following	 figures	 illustrate	 thresholds	 of	 proportion	 of	
participants	reporting	little,	moderate,	and	high	annoyance.	Although	definition	of	these	
thresholds	 is	 provided	 elsewhere	 (See	 section	 3.2),	 it	 is	 noteworthy	 that	 the	 curves	
indicate	 maximal	 proportion	 of	 people	 expected	 to	 report	 certain	 annoyance	 degree.	
Additionally,	 each	 graph	 provides	 95%	 Confidence	 Intervals	 indicating	 fluctuations	











Figure	27	 illustrates	 the	exposure‐response	relationship	 from	predicted	railway	traffic	
noise.	 Three	 curves	 represent	 degree	 of	 annoyance	 as	 follows:	 percent	 little	 annoyed	
(%LA),	 percent	moderately	 annoyed	 (%MA),	 and	 percent	 highly	 annoyed	 (%HA).	 The	
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intervals‐‐the	missing	middle	 curve	 has	 been	 excluded	 because	 (1)	 scatter	 is	 already	
difficult	to	read	and	(2)	%HA	are	consider	most	important	group	of	people.	
Unfortunately,	the	scatter	plot	could	not	be	obtained	from	the	ordinal	regression	model.	
Therefore,	 data	 points	 were	 calculated	 manually.	 Noise	 exposure	 has	 been	 split	 into	
categories	of	2	dB(A)	range.	Each	category	groups	a	number	of	participants	falling	into	















































































can	 be	 observed	 that	 %LA	 are	 slightly	 more	 scattered	 especially	 at	 lower	 noise	
exposure.	One	of	the	reason,	also	supported	by	Schultz	(1978),	is	that	people	could	not	
hear	noise	 from	railway.	The	outdoor	noise	exposure	may	be	easily	masked	by	 indoor	
activity	 (See	 Figure	 22	 and	 Figure	 23	 illustrating	 indoor	 noise	 level	 emitted	 in	 two	
properties).		





































Similar	 to	 Figure	 27	 and	 Figure	 28,	 Figure	 30	 and	 Figure	 31	 illustrate	 the	 exposure‐
response	 relationship	 is	 plotted	 against	 the	 11‐point	 numeric	 scale	 along	with	 scatter	
plot.	The	thresholds	are	defined	in	following	way:	%LA	report	any	category	higher	than	

































































































Figure	 30	 provide	 lower	 annoyance	 because	 of	 lower	 annoyance	 reported	 via	 this	
annoyance	 scale.	 Regarding	 the	 scatter,	 more	 points	 are	 concentrated	 at	 lowest	
annoyance	 categories.	 There	 is	 also	 a	 greater	 point	 spread	 according	 to	 Figure	 31.	
Confidence	 Intervals	 are	 therefore	 very	 similar	 when	 both	 annoyance	 curves	 are	
compared.	 However,	 the	 scatter	 plot	 shows	 less	 the	 point	 spread	 of	 percent	 highly	
annoyed	which	is	similar	outcome	to	Figure	28.	
Figure	 27	 and	 Figure	 30	 illustrate	 95%	 CIs	 computed	 via	 and	 obtained	 from	 ordinal	
regression	model;	 that	 is,	 based	 only	 on	 standard	 error.	 Due	 to	 assumption	 imposed,	
variations	 of	 estimated	 noise	 exposure	 are	much	wider	 and	 increased	 by	 errors	 from	
prediction.	 Hence,	 a	 greater	 point	 spread	 is	 expected	 and	 consequently	 higher	 wider	
confidence	intervals.	
It	has	been	attempted	to	provide	additional	errors	due	to	uncertainty	evaluations	(See	
section	 4.8).	 The	 range	 of	 errors	 has	 been	 calculated	 elsewhere	 (See	 section	 4.8)	 and	
turned	to	be	±10	dB(A).	This	is	a	maximal	possible	error	caused	by	issues	listed	in	the	
same	 chapter.	 Additional	 random	 errors	 has	 been	 added	 to	 Lden	 via	 rectangular	
probability	 distribution	 function	 of	 the	 amplitude	 ±10	 dB(A).	 From	 this	 point,	 new	






































































































The	main	objective	of	 this	section	 is	 to	present	results	 from	analysis	of	effects	of	non‐
acoustical	 factors	 on	 annoyance.	 Noise	 is	 found	 to	 be	 only	 partially	 contributing	 to	
annoyance.	 For	 instance,	 it	 has	 can	be	 read	 that	 proportion	 of	 variance	 accounted	 for	
noise	 and	 annoyance	 was	 found	 to	 be	 not	 exceeding	 20%	 (Job,	 1988).	 Therefore	
analyses	 of	 additional	 factors	 were	 considered	 important	 for	 this	 project.	 The	 most	
important	 factor	 influencing	annoyance	 is	sleep	disturbance	(Fidell	et	al.,	2000;	Fields,	
1993;	Miedema	et	al.,	1999;	Öhrström	et	al.,	2006).	Before	the	results	 from	analysis	of	
this	 phenomenon	 is	 presented,	 the	 factors	 such	 as	 noise	 sensitivity,	 noise	 acceptance,	
distance,	a	number	of	events,	age,	and	gender	are	first	considered.	Sleep	disturbance	as	a	
single	 factor	 is	 then	 presented	 afterwards.	 Then,	 the	 relationship	 between	 sleep	
disturbance	 and	 separate	 factors	 such	 as	 noise	 sensitivity	 and	 noise	 acceptance	 are	
considered	next.	These	factors	have	been	analysed	while	controlled	for	noise	exposure.	
5.3.1. Noise	sensitivity	









431)	 answered	 to	 be	 “Not	 at	 all”	 followed	 by	 23%	 (186)	 reporting	 to	 be	 “Slightly”	
sensitive.	 Two	 lowest	 categories	 cover	 over	 75%	 (617)	 of	 participants.	 Due	 to	 the	








Ordinal	 regression	model	 has	 been	 applied	 to	 analyse	 exposure‐response	 relationship	
controlled	 for	 the	 third	 effect:	 noise	 sensitivity.	 It	 has	 been	 hypothesised	 that	 noise	
sensitivity	may	 have	 slight	 influence	 on	 annoyance.	 Each	 graph	 in	 Figure	 35,	 starting	
from	 upper	 left‐hand	 side	 corner	 and	 going	 clockwise,	 represent	 exposure‐response	
relationship	at	each	level	of	noise	sensitivity.	
The	 outcomes	 demonstrate	 an	 influence	 on	 annoyance	but	 it	 is	 not	 very	 strong.	 Even	
though	 exposure‐response	 relationship	 slightly	 increases	 when	 higher	 levels	 of	 noise	
sensitivity	are	considered,	 the	effect	may	be	non‐significant;	 that	 is,	 solid	 lines	change	
but	only	within	confidence	intervals.	Therefore,	it	has	to	be	concluded	from	this	findings	
that	noise	sensitivity	has	not	very	strong	influence	based	on	existing	dataset.	





































changes	 in	 reported	 annoyance	 when	 respondent	 is	 at	 greater	 distance	 to	 the	 noise	
source.	 The	 effect	 has	 been	 found	 to	 be	 significant	 (p	 <	 0.0001).	 Relatively	 low	
Spearman’s	 correlations	between	 the	distance	and	both	annoyance	scales	were	 found.	
As	such,	correlation	between	the	distance	and	5‐point	semantic	scale	was	found	to	be	S	
=	‐0.142	(p<0.0001).	On	the	other	hand,	correlation	between	the	distance	and	11‐point	
numeric	 scale	 was	 found	 to	 be	 S	 =	 ‐0.127	 (p	 <	 0.0001).	 These	 numbers	 express	
correlations	when	noise	exposure	was	neglected.	
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	 	 40–50	 50‐60	 60‐70	 70‐80	
Correlation	
5‐p.	sem.	scale	vs.	dist.	 ‐0.095**	 ‐0.118*	 ‐0.100*	 ‐0.285**	
11‐p.	num.	scale	vs.	dist.	 ‐0.275**	 ‐0.100*	 ‐0.108*	 ‐0.288**	




be	 concluded	 that	 this	 effect	 is	 not	 interacting	 with	 level	 of	 noise	 exposure	 because	
Spearman’s	correlations	do	not	vary	in	corresponding	categories.	The	correlation	is	also	
non‐significant	for	categories	40‐50	dB(A)	and	70‐80	dB(A)	but	this	may	be	caused	by	a	
very	 low	 number	 of	 cases	 within	 those	 groups.	 Spearman’s	 correlations	 confirm	 the	
effect	 of	 distance	 on	proportion	 of	 highly	 annoyed	 illustrated	by	 the	 Figure	36.	When	
greater	the	distance	from	railway,	the	lower	is	proportion	of	highly	annoyed.	





























The	 correlation	 between	 level	 of	 noise	 and	 the	 distance	was	 found	 to	 be	 ‐0.412.	 It	 is	
important	 to	mention	 though	 that	noise	was	predicted	and	 the	distance	was	 the	main	
factor.	Consequently,	this	correlation	has	to	be	found	strong.	
5.3.3. Age	
Age	 is	an	 important	 factor	with	 regarding	 to	annoyance	 (Miedema	et	al.,	1999).	 It	has	
been	 found	 that	 effect	 of	 age	 against	 percent	 highly	 annoyed	 has	 a	 U‐shape	 inverse	
relationship.	Figure	37	 illustrates	changes	 in	annoyance	 fitted	by	a	quadratic	 function.	
Figure	38,	on	the	other	hand,	shows	the	curved	fitted	via	fractional	polynomial8	curve.	
The	details	about	this	method	are	explained	in	papers	by	Royston	et	al.	(1994),	Royston	

































10.9 + 0.7*Age + 0*Age2
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Table	 19	 contains	 descriptive	 statistics	 regarding	 the	 variable	 age.	 The	 mean	 of	 all	
respondents	is	around	an	age	of	50.	
Table	19.	Statistics	for	age	of	respondents	exposed	to	railway	noise	
Mean	 Std.	Deviation	 Range	 Minimum	 Maximum	



























-46.6 + 17.2*X0.5 + -1.3*X1.0
R2 = 0.847











































This	 figure	 is	 to	provide	 information	with	regard	 to	an	effect	of	gender	on	annoyance.	
The	graph	was	produced	from	social	survey	questionnaire	while	reported	annoyance	is	
controlled	 for	 gender.	 It	 shows	 two	 histograms	 corresponding	 to	 two	 groups	 of	
respondent	Male	and	Female.	Although	 it	may	not	be	clear	by	the	 first	 inspection,	 two	
histograms	 show	 similar	 relationships	 between	 bars	 within	 each	 groups	 of	 Male	 and	
Female.	
If	the	interaction	existed,	then	graph	would	provide	two	different	relationships	between	





To	 support	 the	 conclusion	 from	 observation	 of	 the	 Figure	 40,	Mann‐Whitney	 test	 has	
been	 conducted.	Mann‐Whitney	 is	 a	 statistic	 test	 similar	 to	 t‐student	 that	 determines	
whether	a	variable	has	the	same	effect	on	two	groups	and	returns	null	hypothesis.	The	






















data	was	provided	 for	 the	 analysis.	The	most	 important	 conclusion	 from	 this	 graph	 is	
that	 reported	 annoyance	 is	 significantly	 higher	 by	 participants	 who	 simultaneously	
report	sleep	disturbance.	
Table	 20	 contains	 cross‐product	 between	 reported	 annoyance	 levels	 and	 sleep	
disturbance	 controlled	 for	 each	noise	 level	 categories.	 The	 last	 group	of	 four	 columns	
contains	 results	 from	 analyses	 of	 odds	 ratios.	 This	 statistic	 compares	 fours	 cells	 as	
follows:	two	columns	of	the	5‐point	semantic	scale	are	compared	with	two	rows	of	the	
sleep	 disturbance.	 If	 any	 of	 these	 cells	 is	 greater	 than	 one,	 then	 it	 suggests	 higher	
likelihood	that	sleep	disturbance	occurs	while	higher	level	of	annoyance	is	reported.	The	
category	 "Not	 at	 all"	 is	 considered	 as	 a	 reference.	 Each	 odds	 ratio	 is	 calculated	 with	
respect	to	this	category.	
Considering	 the	 group	 called	 "50‐60	 dB(A)"	 in	 the	 Table	 20,	 it	 can	 be	 seen	 that	 odds	
ratios	 increase	 while	 annoyance	 increases.	 Categories	 “Very”	 and	 “Extremely”	 are	
defined	 as	 percent	 highly	 annoyed.	 Therefore,	 it	 can	 be	 concluded	 that	 for	 this	 noise	
level	category	annoyance	increases	while	sleep	disturbance	occurs.	 In	the	group	called	































about	 8	 times	more	 likely	 that,	when	 respondents	 are	 disturbed	 at	 night‐time	 period,	
respondents	will	report	to	be	"moderately"	annoyed	(category	“3”).	
The	 last	 groups	 of	 rows	 "Total"	 contains	 all	 summarized	 counts	 from	 each	 noise	
categories.	Odds	ratios	calculated	for	this	row	indicates	a	trend	when	variables	are	not	
controlled	 for	 noise	 exposure.	 In	 other	 words,	 an	 effect	 of	 noise	 exposure	 on	 both	
variables	 is	 neglected.	 It	 can	be	observed	 that,	 for	 this	 group	of	 rows,	 the	odds	 ratios	
increase.	 The	 last	 two	 cells	 contain	 the	 numbers	 19.12	 and	 20.58.	 They	 indicate	 that	




Lden /dB(A)  5‐point semantic scale Total    Odd Ratios
1  2  3  4  5  2/1  3/1  4/1  5/1 
40‐50  Sleep disturbance 
no  7.5  1.5  0.5  1.5  0.5  11.5  1.67  5.00  1.67  5.00 
yes  1.5  0.5  0.5  0.5  0.5  3.5 
Total     9.0  2.0  1.0  2.0  1.0  15.0             
50‐60  Sleep disturbance 
no  178.5  33.5  20.5  5.5  3.5  241.5  4.38  7.93  13.70 7.93 
yes  22.5  18.5  20.5  9.5  3.5  74.5 
Total     201.0  52.0  41.0  15.0 7.0  316.0             
60‐70  Sleep disturbance 
no  212.5  33.5  20.5  10.5 4.5  281.5  6.95  11.68  24.74 29.23
yes  31.5  34.5  35.5  38.5 19.5 159.5 
Total     244.0  68.0  56.0  49.0 24.0 441.0             
70‐80  Sleep disturbance 
no  7.5  3.5  3.5  1.5  0.5  16.5  2.14  0.71  8.33  25.00
yes  1.5  1.5  0.5  2.5  2.5  8.5 
Total     9.0  5.0  4.0  4.0  3.0  25.0             
Total  Sleep disturbance 
no  406.0  72.0  45.0  19.0 9.0  541.0  5.44  9.02  19.12 20.58
yes  57.0  55.0  57.0  51.0 26.0 236.0 





Table	 21	 shows	 descriptive	 statistics	 testing	 association	 of	 two	 variables	 sleep	
disturbance	 and	 annoyance,	 while	 influence	 of	 the	 third	 variable	 noise	 exposure	 is	
considered.	Only	two	noise	categories	are	taken	into	account	because	of	cells	containing	
0	 counts	 in	 other	 categories.	 As	 can	 be	 seen,	 variables	 sleep	 disturbance	 and	 5‐point	
semantic	 scale	 controlled	 for	 two	 categories	 of	 noise	 exposure	 reveal	 mutual	
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dependence	 (Chi‐squared	 statistics);	 that	 is,	 changes	 of	 sleep	 disturbance	 from	 not	
disturbed	to	disturbed	are	in	accordance	with	changes	of	annoyance	levels	from	lower	
to	 higher	 categories;	 or,	 in	 other	words,	 one	 variable	 does	 not	 change	 randomly	with	
respect	 to	 the	 other.	 Additionally,	 the	 last	 row	 “Total”	 shows	 all	 statistics	when	 sleep	
disturbance	and	annoyance	are	not	controlled	for	noise	exposure‐‐counts	due	to	number	
of	 people	 in	 particular	 noise	 exposure	 categories	 is	 summarized	 and	 therefore	
neglected.	
In	both	cases,	the	results	from	statistics	confirm	interaction	between	sleep	disturbance	





















50‐60	 49.71*	 52.78*	 0.381	 0.412	 0.407*	 0.668*	 0.386*	 0.338*	
60‐70	 148.9*	 142*	 0.496	 0.571	 0.570*	 0.778*	 0.529*	 0.572*	





















sensitivity	 and	 sleep	 disturbance	 is	 not	 strongly	 pronounced,	 besides	 the	 group	 of	
participants	reporting	to	be	"extremely"	annoyed	(in	5‐point	semantic	scale).	However,	
results	 from	 analysis	 of	 noise	 sensitivity	 have	 been	 provided	 in	 one	 of	 the	 previous	
sections.	In	conclusion,	the	noise	sensitivity	has	not	a	significant	effect	on	annoyance.	
From	 Table	 22,	 odds	 ratios	 are	 calculated	 in	 similar	 way	 to	 odds	 ratios	 in	 previous	
section.	 The	 category	 “Not	 at	 all”	 is	 the	 reference.	 The	 other	 categories	 are	 calculated	
with	respect	to	this	one.	
There	 is	 the	 little	 difference	 between	 compared	 categories	 while	 respondents	 are	
disturbed	during	asleep	or	they	are	not.	Also	from	Figure	45,	Figure	46,	and	Figure	47,	
the	 same	 conclusion	 can	 be	 drawn.	 The	 proportions	 between	 disturbed	 and	 not	
disturbed	given	noise	exposure	50‐60	dB(A)	does	not	seem	to	differ	between	category	
"not	 at	 all"	 and	 any	 other	 category	 	 etc.	 Another	 way	 of	 reading	 this	 is	 to	 look	 at	
correlations	 between	 variables.	 In	 section	 (5.3.1)	 it	 has	 been	 found	 that	 correlation	
between	annoyance	and	sensitivity	is	poor.	
The	 similar	 considerations	 supporting	 outcomes	 based	 on	 Table	 22	 can	 be	 found	 in	
Table	23.	The	effect	between	noise	sensitivity	and	sleep	disturbance	controlled	for	two	
noise	 exposure	 categories	 can	 be	 observed.	 The	 chi‐squared	 test	 does	 not	 reveal	
dependence,	suggesting	that	noise	sensitivity	does	not	change	in	accordance	with	sleep	
disturbance.	However,	three	last	statistics	such	as	Gamma,	Kendall’s	τb,	and	Kendall’s	τc,	













Lden_interval_10dB  E5_how_sensitive_to_noise Total    Odd Ratios
1  2  3  4  5  2/1  3/1  4/1  5/1 
40‐50  E2_noise_affects_sleeping 
no  4.5  3.5  1.5  1.5  0.5  11.5  3.9  3.0  3.0  9.0 
yes  0.5  1.5  0.5  0.5  0.5  3.5 
Total  5.0  5.0  2.0  2.0  1.0  15.0             
50‐60  E2_noise_affects_sleeping 
no  122.5  70.5  25.5  19.5  0.5  238.5 1.2  2.1  1.8  12.0 
yes  30.5  20.5  13.5  8.5  1.5  74.5 
Total  153.0  91.0  39.0  28.0  2.0  313.0            
60‐70  E2_noise_affects_sleeping 
no  153.5  54.5  50.5  17.5  2.5  278.5 1.3  1.5  1.9  3.9 
yes  70.5  33.5  34.5  15.5  4.5  158.5
Total  224.0  88.0  85.0  33.0  7.0  437.0            
70‐80  E2_noise_affects_sleeping 
no  6.5  3.5  3.5  2.5  0.5  16.5  1.3  0.3  1.1  1.9 
yes  3.5  2.5  0.5  1.5  0.5  8.5 
Total  10.0  6.0  4.0  4.0  1.0  25.0             
Total  E2_noise_affects_sleeping 
no  287.0  132.0  81.0  41.0  4.0  541.0 1.2  1.7  1.7  4.8 
yes  105.0  58.0  49.0  26.0  7.0  236.0
























50‐60	 6.98**	 7.55**	 0.155	 0.157	 0.110*	 0.206*	 0.103*	 0.100*	
60‐70	 6.86**	 7.01**	 0.126	 0.127	 0.115*	 0.191*	 0.107*	 0.117*	





















In	 this	 section,	 interaction	between	sleep	disturbance	and	acceptance	of	noise	given	a	
level	of	noise	exposure	 is	 investigated.	Similarly	 to	annoyance	and	sensitivity	to	noise,	
acceptance	was	measured	by	5‐point	semantic	scale,	but	category	names	changed	 into	






In	 Table	 24,	 a	 group	 of	 respondents	 reported	 category	 "neither"	 was	 found	 most	
adequate	 for	 a	 reference	 group.	 A	 proportion	 between	 respondents	 affected	 by	 noise	
during	asleep	is	different:	for	categories	"very	acceptable"	and	"acceptable"	a	majority	of	







number	 of	 5.97	 demonstrates	 that	 almost	 six	 times	 more	 people	 report	 category	
“Unacceptable”	than	“Neither”	when	sleep	disturbance	occurs.	
Following	 the	 conclusion	 from	Table	24	 and	 figures	 (Figure	48,	 Figure	49,	 and	Figure	
50),	there	is	an	interaction	between	acceptance	of	noise	and	sleep	disturbance.	As	noise	
is	 more	 acceptable,	 so	 is	 reduced	 number	 of	 sleep	 disturbances	 as	 well.	 This	 effect	
rapidly	 changes	 (columns	 "4/3"	and	 "5/3")	when	categories	 "unacceptable"	and	 "very	
unacceptable"	 are	 considered.	 It	 can	 expected	 that	 people	 in	 dwellings	would	 express	
less	 noise	 acceptance	 when	 the	 sleep	 disturbance	 is	 the	 problem.	 This	 indicates	 that	
sleep	 disturbance	 is	 also	 associated	 with	 acceptance	 of	 noise	 meaning	 that	 the	 less	
accepted	noise	level,	the	greater	is	probability	of	reporting	sleep	disturbance.	
Table	 25	 presents	 descriptive	 statistics	 regarding	 sleep	 disturbance	 effect	 on	 noise	
acceptance	 while	 both	 variables	 are	 controlled	 for	 noise	 exposure.	 Much	 stronger	
association	between	 sleep	disturbance	 and	noise	 acceptance	 is	 revealed	 comparing	 to	
noise	 sensitivity.	 Noise	 acceptance	 is	 an	 ordinal	 variable	 whose	 levels	 are	 of	 higher	
ranks	 when	 effect	 is	 stronger.	 Therefore,	 ordinal	 association	 statistics	 are	 positive	
suggesting	 strong	 positive	 relationships	 between	 noise	 acceptance	 and	 sleep	
disturbance	 controlled	 for	 noise	 exposure.	 The	 last	 row	 contains	 statistics	 when	 two	
variables	are	not	controlled	for	noise	exposure.	Even	though,	the	effect	still	exists.	It	can	
therefore	 be	 confirmed	 that	 noise	 acceptance	 has	 an	 effect	 on	 sleep	 disturbance	
regardless	of	noise	exposure.	












Lden_interval_10dB  E6_acceptable_noise Total Odd Ratios




no  3.5  4.5  1.5  1.5  0.5  11.5  2.33  1.00  1.00  3.00 
yes  0.5  1.5  0.5  0.5  0.5  3.5 




no  66.5  143.5  19.5  10.5  0.5  240.5  20  4.54  1.48  9.00 
yes  3.5  31.5  19.5  15.5  4.5  74.5 




no  61.5  184.5  26.5  5.5  1.5  279.5  16.7  3.12  5.97  2.90 
yes  4.5  73.5  33.5  41.5  5.5  158.5 




no  1.5  13.5  0.5  0.5  0.5  16.5  9.1  11.1  1.67  0.33 
yes  0.5  3.5  1.5  2.5  0.5  8.5 




no  133.0  346.0  48.0  18.0  3.0  541.0  0.06  0.28  2.91  3.20 
yes  9.0  110.0  55.0  60.0  11.0  236.0 























50‐60	 64.95*	 64.11*	 0.414	 0.455	 0.417*	 0.732*	 0.391*	 0.366*	
60‐70	 111.2*	 103.2*	 0.44	 0.49	 0.469*	 0.758*	 0.44*	 0.469*	


















This	 section	 provides	 discussion	 on	 exposure‐response	 relationship	 to	 vibration.	 The	
results	 have	 been	 based	 on	 two	 vibration	 metrics:	 VDVb,24h	 (m/s‐1.75)	 and	 RMS	 Wk	
(m/s2).	 The	 curves	 represent	 thresholds	 determining	 percent	 little	 annoyed,	 percent	
moderately	annoyed,	and	percent	highly	annoyed.	The	thresholds	are	separately	defined	
with	 respect	 to	 two	 independent	 response	measures:	 5‐point	 semantic	 scale	 and	 11‐
point	 numeric	 scale.	 As	 such,	 additional	 graphs	 illustrate	 exposure‐response	
relationship	to	vibration	by	illustrating	application	of	these	two	measures.	
The	 section	 also	 provides	 information	 on	 changes	 of	 percentage	 of	 highly	 annoyed	
during	 the	 periods	 of	 day‐time	 and	 night‐time,	 although	 such	 metrics	 have	 not	 been	





Similarly	 to	 noise	 exposure	 (See	 section	 5.2),	 Figure	 51	 illustrates	 exposure‐response	




Figure	 51	 and	 Figure	 53.	 The	 scatter	 was	 obtained	 by	 taking	 intervals	 of	 1	 dB	 (re	 1	
VDVb,24h	 (ms‐1.75))	 and	 then	proportion	between	 the	whole	 subset	and	 those	 reporting	
little	or	highly	annoyed	from	this	subset	was	calculated.	
Figure	 56	 and	 Figure	 58	 illustrate	 exposure‐response	 relationship	 to	 vibration	 using	
RMS	Wk.	Figure	57	and	Figure	59	show	scatter	plots	on	the	top	of	annoyance	curves.	The	
scatter	was	 also	 obtained	 by	 taking	 intervals	 of	 1	 dB	 (re	 1	 RMS	Wk	 (ms‐2))	 and	 then	
proportion	between	subset	and	little	or	highly	annoyed	from	this	subset	was	calculated.	
Each	figure	can	be	compared	with	Figure	55	that	shows	probability	of	feeling	vibration	
from	 railway.	 The	proportion	 of	highly	 annoyed	 (around	18%)	 for	maximal	predicted	
vibration	in	VDVb,24h	corresponds	to	99%	of	participants	reporting	feeling	vibration.	At	
the	 point	 of	 50%	 of	 feeling	 vibration	 (around	 VDVb,24h	 =	 8x10‐3	 m/s1.75),	 about	 7%	
reported	to	be	highly	annoyed.	Percentage	of	annoyed	becomes	greater	when	a	number	
of	 participants	 feeling	 vibration	 increases.	 Also,	 the	 higher	 vibration	 exposure,	 the	
greater	is	percentage	of	annoyed.	
The	Table	26	and	shows	probability	of	adverse	comments	for	given	vibration	exposure	
based	 on	 suggestions	 from	 (BS	 ISO	 6472‐1:2008,	 2008)	 and	 (ANC	 Guidelines,	 2001).	
Probabilities	are	grouped	with	respect	to	time	periods	such	as	day	and	night.	The	table	
utilizes	two	vibration	indices	such	as	VDVb,day	and	VDVb,night,	which	were	not	included	in	
analyses	 conducted	 for	 this	 project.	 It	 is	 not	 clearly	 stated	what	 is	meant	by	 "adverse	
comment".	Therefore	it	is	difficult	to	assess	the	application	of	this	guidance.	




annoyance	 increases.	 Similar	 to	noise	 exposure,	 the	 effect	 is	 greater	 during	 the	night‐
time	period.	This	is	confirmed	in	paper	by	Peris	et	al.	(2012)	who	has	investigated	how	
proportion	of	highly	annoyed	changes	at	different	time	periods	and	concluded	that	the	




Table	26.	 Probability	 of	 adverse	 comment	 for	 a	 range	 of	 vibration	 exposures	 as	 suggested	 in	BS	6472‐















































































































































































































































































































































































































































Sleep	 disturbance	 is	 found	 to	 have	 an	 effect	 on	 annoyance	 when	 noise	 exposure	 is	
considered.	More	people	report	little,	moderate,	or	high	annoyance	when	subset	of	those	





































































































reporting	sleep	disturbance	 is	 taken	 into	account	(See	Figure	41).	The	same	effect	has	
been	 found	 while	 vibration	 exposure	 occurs	 (See	 Figure	 60	 (Woodcock,	 Peris,	 et	 al.,	
2011)).	
The	 proportion	 of	 those	 who	 report	 disturbance	 at	 night	 is	 growing	 from	 5%	 (2%	 ‐	
12%)	 to	 55%	 (40‐65%)	 for	 corresponding	 vibration	 exposure	 from	 0.0009	 VDVb,24h	
(m/s1.75)	 to	0.5	VDVb,24h	 (m/s1.75),	 respectively	 (See	Figure	60	 (Woodcock,	Peris,	 et	 al.,	
2011)).	 For	 the	 same	 range	 of	 vibration	 exposure,	 proportion	 of	 highly	 annoyed	
increased	from	3.7%	(1.4%	‐	8.5%)	up	to	16%	(9.2%	‐	25.5%).	The	numbers	show	that	






A	 number	 of	 people	who	 report	 feeling	 vibration	 rapidly	 grows	 from	 about	 10‐3	 VDV	
(m/s1.75)	 to	 10‐1	 VDVb,24h	 (m/s1.85).	 It	 has	 been	 found	 that,	 regardless	 of	 a	 vibration	
metric	or	annoyance	scales,	the	effect	of	vibration	exposure	on	annoyance	has	the	same	
tendency.	 The	 higher	 the	 vibration	 exposure,	 the	 higher	 is	 the	 percent	 annoyed	
considering	each	threshold	(%LA,	%MA,	and	%HA).	



































probability	 of	 adverse	 comments	 is	 twice	 as	 much	 greater	 than	 during	 the	 day‐time	
period	 (BS	 ISO	 6472‐1:2008,	 2008)	 (See	 Table	 26).	 However,	 it	 is	 not	 explained	 the	
meaning	of	the	term	“adverse	comment”.	Peris	et	al.	(2012)	has	investigated	the	percent	
highly	annoyed	at	different	 time	periods	and	concluded	that	 the	highest	percentage	of	




Summarizing	 exposure‐response	 relationship	 to	 vibration,	 an	 effect	 of	 vibration	 on	
annoyance	 is	 clear.	 Regardless	 of	 annoyance	 scale	 or	 applied	 vibration	 metrics,	 the	
higher	vibration	exposure,	the	greater	is	percentage	of	annoyed	(%LA,	%MA,	and	%HA).	
5.6. COMBINED	EFFECTS	FROM	NOISE	AND	VIBRATION	












Seven	 other	 figures	 followed	 by	 Figure	 61	 (from	 Figure	 62	 to	 Figure	 68)	 illustrate	
variations	in	proportion	of	annoyed.	The	graphs	vary	because	of	application	of	different	
annoyance	 scales	 and	 vibration	 metrics	 combined	 with	 Lden.	 The	 full	 combination	
regarding	relationship	between	noise,	two	vibration	metrics,	and	two	annoyance	scales	








Confidence	 intervals	 have	 been	 estimated	 utilizing	 two	 approaches.	 The	 narrower	 CIs	
are	only	the	effect	of	estimation	of	a	regression	model.	On	the	other	hand,	the	wider	CIs	
include	 both	 estimated	 CIs	 from	 the	 regression	model	 and	 the	 errors	 estimated	 from	
























































































































































































































































































































































































































Comparison	 of	 figures	 representing	 exposure‐response	 relationship	 to	 noise	 with	
figures	representing	exposure‐response	relationship	to	noise	and	vibration	shows	little	
or	 no	 changes	 when	 variation	 is	 included	 (for	 instance	 Figure	 27	 and	 Figure	 61).	
However,	 included	vibration	 illustrated	by	Figure	61	 is	held	at	VDVb,24h	equal	 to	0.045	
m/s1.75.	The	additional	variations	are	revealed	in	three‐dimensional	graphs.	
The	meaning	 of	 such	 outcomes	 is	 not	 known.	 However,	 lack	 of	 the	 interaction	 in	 the	
regression	model	might	cause	that	kind	of	result.	The	other	hypothesis	could	be	related	







could	already	occur	and	 influence	on	reported	annoyance,	even	 though	 it	was	has	not	
been	considered	in	analyses	of	noise	exposure.	
Consequently,	 the	 three‐dimensional	 graphs	 have	 been	 included	 to	 provide	 an	


















































representing	 thresholds	 determining	 proportion	 of	 people	 reporting	 high	 annoyance.	
The	gradients	change	slowly	at	lower	levels	of	noise	and	vibration	and	rapidly	increase	
when	one	of	the	variables	reach	one	of	the	highest	levels.	The	gradients	are	almost	zero	
at	 very	 low	 levels	 of	 exposures	 implying	 that	 the	 proportion	 of	 reporting	 high	
annoyance	is	almost	zero	as	well.	
It	 is	 reasonable	 outcome	because	 outdoor	 noise	 can	 hardly	 be	 heard	 at	 level	 of	 noise	
exposure	slightly	over	45	dB(A).	There	is	always	existing	indoor	background	noise	easily	
exceeding	 the	 level	 of	 outdoor	 noise.	 In	 terms	 of	 vibration,	 Table	 26	 and	 Table	 27	
indicate	 proportion	 of	 residents	 complaining	 about	 vibration.	 The	 lowest	 threshold	 is	
0.1	 of	 VDVb,day	 and	 VDVb,night	 whereas	 the	 highest	 considered	 level	 is	 equal	 to	 1.6	 of	
VDVb,day	and	VDVb,night	Figure	52	shows	the	range	in	VDVb,24h	of	vibration	obtained	from	
measurements	 and	 confirms	 that	 this	 range	 is	 between	 0.0018	 VDVb,24h	 (m/s1.75)	 and	
0.509	 VDVb,24h	 (m/s1.75).	 The	measured	maximal	 VDV	 value	 of	 vibration	 falls	 into	 the	
thresholds	of	 “Adverse	comments	possible”	 for	day‐time	period	and	 “Adverse	comments	
probable”	 during	 night‐time	 period,	 although	 the	 table	 contains	 separate	 indices	with	
regard	to	day	and	night	time	periods.	According	to	Table	26	and	Table	27,	less	than	3%	
during	 the	 day	 time	 and	 less	 than	 12%	during	 the	 night	 time	 of	 proportion	 of	 highly	
annoyed	is	expected	to	report	this	annoyance	degree.	
On	the	other	hand,	at	highest	levels	of	noise	exposures	over	70	dB(A)	the	source	is	can	




annoyance.	 As	 said,	 it	 is	 an	 additive	 characteristic	 but	 these	 effects	 cannot	 sum	
arithmetically.	 The	 same	 person	 may	 report	 high	 annoyance	 regardless	 of	 noise	 or	
vibration	and	that	person	cannot	be	counted	twice.	
It	 has	 been	 not	 investigated	 whether	 a	 magnitude	 of	 noise	 exposure	 has	 a	 strong	 or	





vibration	 from	railway	 traffic	was	below	 the	 threshold	of	 felling	vibration.	 It	has	been	
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commented	 by	 Woodcock,	 Peris,	 et	 al.	 (2011)	 that	 the	 threshold	 curve	 from	 (BS	
6472:1992)	 was	 obtained	 in	 controlled	 environment.	 This	 demonstrates	 a	 different	
result	 comparing	 to	 Figure	 55	which	 clearly	 shows	 that	 at	 certain	 vibration	 exposure	
there	are	more	 than	50%	respondents	who	could	 feel	vibration;	 this	even	reaches	 the	
value	of	~	97%	at	very	high	exposures.	Woodcock,	Peris,	et	al.	(2011)	argues	that	“when	







below	 the	 thresholds	 indicated	 by	 the	 base	 curves.	 However,	 as	 was	 highlighted	 in	
previous	 sections,	 the	 perception	 threshold	 base	 curves	 are	 derived	 from	 laboratory	










It	 was	 though	 that	 presenting	 following	 graphs	 would	 help	 with	 improvement	 of	
understanding	 the	phenomena	 that	 is	response	 to	combined	exposures	 from	nose	and	
vibration.	The	following	graphs	can	be	found	in	next	subsections:	
 Annoyance	 (measured	 via	 5‐point	 semantic	 scale)	 level	 versus	 noise	 combined	
with	vibration	expressed	by	VDV	
 Annoyance	 (measured	 via	 5‐point	 semantic	 scale)	 level	 versus	 noise	 combined	
with	vibration	expressed	by	RMS	
 Annoyance	 (measured	via	11‐point	numeric	 scale)	 level	versus	noise	 combined	
with	vibration	expressed	by	VDV,	and	



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































This	 chapter	 discussed	 results	 from	 analysis	 of	 noise,	 vibration,	 and	 combination	 of	
these	two.	In	terms	of	noise	and	vibration,	proportion	of	annoyed	was	found	increasing	
when	 either	 effect	 was	 higher.	 While	 both	 effects	 occurred,	 proportion	 of	 annoyed	
changed	whenever	each	of	the	effects	varied.	
Noise	exposure	was	further	investigated	with	regard	to	sleep	disturbance.	It	was	found	
that	 proportion	 of	 highly	 annoyed	 who	 reported	 sleep	 disturbance	 was	 greatly	
increased.	Therefore,	 it	could	be	concluded	that	sleep	disturbance	have	a	strong	 if	not	
the	 strongest	 effect	 on	 annoyance	 from	 transportation	 noise.	 The	 same	 outcome	was	
found	 when	 sleep	 disturbance	 was	 investigated	 with	 respect	 to	 vibration	 exposure.	
From	all	the	set	of	participants,	a	larger	proportion	of	annoyed	could	be	observed	when	
vibration	 exposure	 increased.	 In	 conclusion,	 sleep	 disturbance	 has	 an	 effect	 on	
annoyance	and	was	found	to	be	highly	influential	regardless	of	each	exposure.	
Along	with	 sleep	 disturbance,	 other	 factors	 such	 as	 gender,	 age,	 noise	 sensitivity,	 and	
noise	 acceptance	were	 investigated	with	 regard	 to	 noise	 exposure.	 Age	was	 found	 to	
have	 an	 effect	 on	 annoyance	 from	 railway	 traffic	 noise.	 There	 was	 no	 evidence	 that	
















































Noise	 acceptance,	 on	 the	 other	 hand,	 was	 found	 the	 least	 contributing	 factor	 to	
annoyance.	 It	 was	 confirmed	 from	 distribution	 of	 responses	 that	 the	 majority	 of	
participants	 reported	 category	 “Not	 at	 all”	 (~52%).	 This	 is	 followed	 by	 reported	
category	 “Slightly”	 (~23%).	 These	 two	 categories	 sum	 to	 a	 little	 over	 75%	 of	 all	





that	 proportion	 of	 annoyed	 increases	 when	 vibration	 exposure	 is	 higher.	 When	 this	
effect	is	considered	at	different	time	periods,	the	largest	proportion	of	highly	annoyed	is	
reported	at	night.	This	is	somehow	in	accordance	with	(BS	ISO	6472‐1:2008,	2008).	This	
standard	 suggests	 that	 “adverse	 comments”	 are	probable	 and	possible	 when	 vibration	




user	 of	 the	 exposure‐response	 relationship.	 Vibration	 is	 also	 analysed	with	 respect	 to	
sleep	 disturbance.	 It	 could	 be	 concluded	 that	 number	 of	 disturbed	 during	 night‐time	
increased	while	vibration	exposure	increases.	
The	chapter	ended	with	discussing	combined	effects	from	noise	and	vibration.	The	main	
conclusion	 from	 the	 last	 section	 refer	 to	 increases	of	 vibration	or	noise	 exposure	 that	
cause	 increases	 of	 proportion	 of	 little,	 moderately,	 and	 highly	 annoyed,	 as	 well.	 This	




The	 main	 objective	 of	 this	 project	 was	 to	 investigate	 individual	 exposure‐response	
relationships	 to	 noise	 and	 vibration	 as	 well	 as	 exposure‐response	 relationship	 to	
combined	 effects.	 According	 to	 the	 literature,	 a	 number	 of	 non‐acoustical	 factors	
contributing	 to	 annoyance	 exists.	 From	 this	 point	 of	 view,	 it	 was	 hypothesised	 that	
factors	 such	 as	 gender,	 noise	 sensitivity,	 noise	 acceptance,	 distance,	 age,	 and	 sleep	












Noise	exposure	was	analysed	as	a	 single	effect	on	annoyance.	The	 literature	 reviewed	
shows	that	annoyance	increase	when	noise	exposure	increase	as	well	as	the	proportion	
of	 people	 is	 expected	 to	 increase	when	noise	 exposure	 increases.	 It	 can	 be	 confirmed	
from	the	results	of	 this	work	 that	noise	exposure	 influences	negatively	on	a	quality	of	
life	 causing	 residents	 to	 be	 disturbed	 especially	 at	 night	 time	 period.	 Annoyance	was	
measured	via	two	response	scales	and	results	are	presented	with	respect	to	both	scales.	
It	 was	 expected	 that	 proportion	 of	 people	 reporting	 to	 be	 annoyed	 would	 be	 higher	
when	 noise	 exposure	 increases.	 This	was	 assessed	 via	 both	 5‐point	 semantic	 and	 11‐
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point	 numeric	 scales.	 When	 5‐point	 semantic	 scales	 is	 considered,	 about	 5%	 of	
respondents	reported	to	be	highly	annoyed	at	the	level	of	50	dB(A)	of	Lden,	followed	12%	
reported	 to	be	moderately	annoyed,	and	22%	reported	to	be	 little	annoyed.	When	11‐
point	 numeric	 scales	 is	 considered,	 about	 5%	 of	 respondents	 reported	 to	 be	 highly	








by	 5%	 to	 be	 moderately	 annoyed,	 and	 16.2%	 to	 be	 highly	 annoyed.	 These	 would	




one	 study	 conducted	 for	 931	 cases	 around	 UK,	 when	 Miedema	 estimated	 the	 model	
based	 on	 thousands	 of	 cases	 found	 in	 different	 studies	 from	 different	 countries.	
Miedema	 has	 also	 estimated	 predictors	 including	 variation	 between	 studies,	 a	
component	of	the	multiple	grouped	regression	model.	
The	 proportions	 of	 little,	 moderately,	 and	 highly	 annoyed	 were	 also	 found	 to	 be	
increasing	while	 vibration	 exposure	 increases.	 The	 graphs	 from	 the	 section	 regarding	
vibration	(See	section	5.5)	illustrate	the	changes	in	proportions	of	annoyed	(from	Figure	
51	up	to	Figure	59).	It	can	be	observed	that	percentage	of	people	who	reported	feeling	
vibration	 increases	 significantly	 from	 about	 4%	 to	 almost	 about	 98%	 at	 highest	




but	 provide	 important	 information	 on	 vibration	 occurrence	 during	 specified	 time	
periods.	
 132 
By	 inspecting	 the	 Table	 26,	 it	 can	 be	 seen	 that	 “adverse	 comments”	 can	 be	 either	
“probable”	 or	 “possible”	 (the	 same	 column	 of	 the	 table)	 from	 lower	 level	 of	 vibration	
exposure	at	night‐time	(BS	ISO	6472‐1:2008,	2008).	Table	27	shows	that	percentage	of	
people	 is	 significantly	 higher	 when	 considered	 proportion	 of	 people	 exposed	 to	
vibration	 at	 night.	 This	 is	 confirmed	 by	 (Peris	 et	 al.,	 2012)	who	 provided	 a	 graph	 on	
which	percentage	highly	annoyed	from	vibration	is	also	significantly	higher.	
The	vibration	effect	is	also	investigated	with	respect	to	sleep	disturbance.	As	expected,	a	





Unfortunately,	 the	 combination	 was	 found	 to	 be	 simple	 and	 additive.	 The	 regression	
model	 was	 tested	 in	 terms	 of	 contribution	 of	 each	 component:	 noise	 +	 vibration	 +	
noise*vibration.	It	was	found	that	the	component	responsible	for	the	interaction	was	not	
found	to	be	statistically	significant.	Therefore,	this	component	was	neglected	in	analyses	
of	 combined	 effects.	 Regardless	 of	 simple	 characteristic	 of	 these	 two	 effects,	 it	 was	
confirmed	 that	 vibration	 and	 noise	 contribute	 to	 each	 other	 resulting	 with	 increased	
proportion	of	annoyed.	
An	 interesting	 point	 can	 be	 made	 about	 two	 graphs	 representing	 exposure‐response	
relationship	 to	 noise	 (Figure	 27)	 and	 exposure‐response	 relationship	 to	 noise	 and	
vibration	 (Figure	 61).	 By	 inspecting	 those	 two	 graphs,	 it	 can	 be	 seen	 that	 exposure‐
response	relationships	are	almost	identical.	It	is	not	possible	to	explain	the	meaning	of	
this	 outcome	 from	 existing	 database.	 It	 would	 require	 additional	 experiments	 in	
controlled	 environments	 where	 levels	 of	 noise	 and	 vibration	 exposure	 would	 be	
carefully	 presented	 to	 subjects.	 Only	 then	 it	 would	 provide	 answers	 on	 each	
combination	of	levels	of	noise	and	vibration.	Such	experiments	are	already	documented	
(Howart	 et	 al.,	 1990;	 Howarth,	 1991;	 Howarth	 et	 al.,	 1990;	 Paulsen	 et	 al.,	 1995)	 and	
conclude	 that	 that	 noise	 has	 a	 strong	 effect	 on	 judgment	 of	 annoyance	 caused	 by	
vibration.	Vibration,	on	the	other	hand,	has	not	got	a	strong	effect	on	judgment	of	noise	
caused	by	railway.	
Another	 explanation	 for	 almost	 identical	 curves	 regarding	 exposure‐response	
relationship	 to	 noise	 and	 combination	 of	 noise	 and	 vibration	 is	 presented	 in	 section	
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results	 (See	 section	 5.6.1).	 Concluding,	 analysis	 of	 only	 one	 separate	 exposure	 may	
inevitably	 assume	 the	effect	 of	 the	 second	exposure.	By	 introducing	 the	 third	variable	
and	analyse	variation	around	its	range,	the	effect	can	be	fully	investigated.	As	such,	the	
three‐dimensional	 graphs	 have	 been	 provided	 that	 show	 the	 surfaces	 representing	
thresholds	 determining	 proportion	 of	 people	 reporting	 little,	 moderate,	 and	 high	
annoyance.	The	variation	would	probably	reveal	more	aspects	of	this	relationship	if	the	
interaction	existed.	
Another	objective	of	 this	 thesis	was	 to	 investigate	 the	 influence	on	annoyance	of	non‐
acoustical	variables	such	as	gender,	age,	noise	sensitivity,	noise	acceptance.	The	gender	
was	 simply	 not	 found	 contributing	 to	 annoyance.	 Age	 has	 a	 significant	 effect	 on	
annoyance.	Confirmed	from	the	literature	(Gerven	et	al.,	2009;	Groothuis‐Oudshoorn	et	
al.,	2006),	the	highest	number	of	people	reporting	high	annoyance	is	of	age	between	40‐




people	 of	 aged	 over	 50.	 On	 the	 other	 hand,	 it	 is	 not	 known	 why	 a	 lower	 number	 of	
relatively	 younger	 people	 expressed	 to	 be	 highly	 annoyed	whereas	 people	 of	 this	 age	
may	not	feel	disturbance	from	railway	traffic	noise	because	they	live	in	the	environment	
that	outdoor	noise	exposure	is	easily	masked	by	indoor	activities.	
Noise	 sensitivity	 was	 assessed	 via	 5‐point	 semantic	 scale	 from	 social	 survey	
questionnaire.	 It	was	observed	 that	majority	of	people	expressed	category	 “Not	at	 all”	
indicating	 to	be	not	sensitive	 to	noise.	There	were	about	52%	of	people	who	reported	
this	 category	 followed	 by	 23%	 of	 those	 who	 reported	 “Slightly”.	 The	 other	 25%	 of	
respondents	 answered	 such	 that	 only	 10%	 of	 people	 reported	 to	 be	 “Very”	 and	
“Extremely”	sensitive.	According	to	definition	of	percent	highly	annoyed,	percent	highly	
sensitive	can	be	those	who	reported	two	highest	categories	“Very”	and	“Extremely”.	The	
exposure‐response	relationship	controlled	 for	noise	sensitivity	revealed	that	 there	 is	a	
little	influence	of	noise	sensitivity	on	annoyance	caused	by	railway.	
The	 last	 factor	 noise	 acceptance	 was	 investigated	 along	 with	 sleep	 disturbance.	 The	
analyses	also	include	the	test	of	association	of	sleep	disturbance	and	noise	acceptance.	It	
could	 be	 concluded	 that	 sleep	 disturbance	 is	 negatively	 correlated	 with	 noise	
acceptance.	When	sleep	disturbance	increases,	then	it	is	expected	that	noise	acceptance	
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decreases	 and	 vice	 versa.	 The	 effect	 of	 noise	 acceptance	 was	 found	 strong	 on	 sleep	
disturbance	 controlled	 for	 noise	 exposure.	 The	 similar	 test	 was	 done	 regarding	











This	 section	 provides	 information	 on	 further	 work	 that	 could	 improve	 the	 analysis	
conducted	 for	 this	 project	 or	 provide	 additional	 data	 to	 analyse.	 Noise	 index	 Lden	 is	
commonly	used	 in	analysis	of	exposure‐response	relationship	 to	noise	and	annoyance.	
However,	reviewed	literature	shows	the	other	considerations	especially	with	regard	to	
transportation	 noise.	 Socio‐acoustic	 studies	 assess	 a	 number	 of	 acoustical	 and	 non‐
acoustical	 variables.	 To	 overcome	 an	 overwhelming	 number	 of	 variables,	 principal	
component	 analysis	 or	 categorical	 principal	 component	 analysis	 could	 reduce	 the	
dimension	 of	 analysis.	 Consideration	 to	 measure	 ground‐borne	 and	 structure‐borne	
noise	and	vibration	was	also	presented.	It	becomes	especially	important	for	people	who	
live	 in	 vicinity	 to	 tunnels	 and	who	 are	 exposed	 to	 this	 kind	 of	 phenomena.	 Vibration	
causes	 rattling	 in	 properties	 and	 induces	 a	 low	 frequency	 noise.	 It	 has	 been	 found	 in	
literature	 that	 at	 low	 very	 low	 frequency	 noise,	 people	 perceive	 a	 different	 form	 of	
experience.	
7.2. APPLICATION	OF	NOISE	INDICES	FOR	COMMUNITY	RESPONSE	TO	RAILWAY	TRAFFIC	
Noise	 exposure	 was	 calculated	 according	 to	 a	 routine	 based	 on	 CRN	 (1995).	 CRN	
suggests	 and	 provides	 calculation	 of	 energy	 averaged	 noise	 index	 Lden.	 More	 noise	
indices	 would	 reveal	 a	 better	 description	 or	 association	 of	 noise	 exposure	 with	
annoyance	(Langdon	et	al.,	1982).	However,	that	would	involve	measuring	noise	in	situ.	
Statistic	noise	indices	such	as	LA10	LA90,	and	direct	noise	measure	LAF,max,	LAeq,T	could	help	
with	 more	 accurate	 descriptions	 of	 noise.	 It	 would	 also	 be	 useful	 if	 further	 research	
worked	to	find	a	way	to	associate	noise	with	other	factors	such	as	number	of	events	in	
terms	 of	 traffic	 of	 any	 kind,	 a	 number	 awakenings	 in	 terms	 of	 sleep	 disturbance,	 or	
tonality	or	impulsiveness	in	general	meaning.	
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In	searching	 for	a	better	noise	 index,	 the	priority	should	be	to	 find	an	adequate	rating	
which	would	be	(1)	better	associated	with	annoyance	or	one	of	the	annoyance	scales	(2)	
describe	 the	 variance	 accounted	 for	 as	 much	 exposure‐response	 relationships	 as	
possible.	Regarding	better	association	with	annoyance	Marquis‐Favre,	Premat,	Aubrée,	
et	al.	(2005)	argue	that	stronger	correlation	between	annoyance	and	exposure	does	not	
exceed	0.3.	On	 the	second	 issue,	exposure‐response	relationships	only	account	 for	20‐
30%	of	variance	explained	it	comes	to	transportation	noise	(Job,	1988).	Any	index	which	
can	 improve	description	of	such	relationships	would	provide	the	 improvement	on	this	
matter.	 Unfortunately,	 it	 is	 probably	 not	 feasible	 that	 a	 single	 rating	 would	 enable	
significant	 correlations	 in	 the	analysis	of	 the	exposure‐response	 relationship	 for	noise	
annoyance	(Marquis‐Favre,	Premat,	Aubrée,	et	al.,	2005).	
One	approach	to	consider	would	involve	a	standard	that	could	advocate	sets	of	rules	or	
best	 practice	 guidance	 for	 noise	 annoyance	 research,	 which	 states	 which	 acoustics	
measurements	 and	 analysis	 should	 be	 conducted.	 Future	 studies	 could	 therefore	 be	
more	 comparable.	 In	 the	 paper	 by	 Fields	 et	 al.	 (1982a)	 a	 set	 of	 suggestion	 on	 a	
standardised	measuring	exposure	and	conducting	questionnaire	is	discussed.	European	
guideline	 regarding	 application	 of	 Ldn,	 Lden	 in	 exposure‐response	 relationship	 is	
presented	by	Miedema	(Miedema	et	al.,	2001;	Miedema,	2007).	
In	regard	of	a	second	approach,	Marquis‐Favre,	Premat,	Aubrée,	et	al.	(2005)	reviewed	a	
wealth	 of	 noise	 indices	 used	 in	 studies	 or	 developed	 by	 acousticians.	 They	 made	 an	
interesting	 point	 about	 the	 A‐weighted	 scale.	 It	 is	 known	 that	 A‐weighted	 sound	
pressure	level	 is	based	on	40‐phone	equal	 loudness	contour	that	take	into	account	the	
physiological	 response	 of	 the	 average	 human	 ear,	 which	 perceives	 low	 and	 high	
frequencies	less	accurately.	Although	generally	C‐weighted	and	B‐weighted	scales	do	not	
have	any	advantage	over	A‐weighted	scale,	 it	 is	considered	by	Hardy	et	al.	 (1999)	that	
for	 studies	 regarding	 railway	 traffic	 noise	 combination	 of	 C‐weighted	 and	A‐weighted	
indices	may	improve	description	of	noise.	Hardy	et	al.	(1999)	argued	that	the	majority	of	










Hardy	 et	 al.	 (1999)	 considered	 the	 combination	 of	 A‐weighting	 and	 C‐weighting	with	




may	 also	 be	 considered	 as	 a	 traffic	 mode	 of	 regularly	 occurred	 events.	 In	 line	 with	
considerations	from	Hardy	et	al.	(1999),	LAE	in	combination	with	C‐weighted	scale	may	









































also	 improve	 exposure‐response	 relationships.	 According	 to	 Marquis‐Favre,	 Premat,	
Aubrée,	 et	 al.	 (2005)	 number	 of	 studies	 have	 used	 this	 combination,	 e.g.	 Fidell	 et	 al.	
(2000)	used	it	to	establish	a	reliable	exposure‐response	relationship	between	indoor	LAE	
of	aircraft	noise	events	and	arousal	‐	an	indicator	of	sleep	disturbance.		
Considerations	 were	 also	 focused	 on	 taking	 into	 account	 fluctuations	 from	 noise	 and	
combining	 them	 with	 average	 level	 of	 noise.	 Robinson	 (1971)	 conceived	 a	 noise	
pollution	level	
  , dB ANP Aeq TL L K  	 (7.1)	
which	 is	 the	 sum	 of	 average	 continuous	 sound	 pressure	 level	LAeq,T	 and	 the	 standard	
deviation	()	of	the	levels	for	the	same	measurement	period.	Constant	K	is	to	adjust	the	
metric	due	to	subjective	response	to	road	or	aircraft	noise.	The	idea	of	this	rating	is	to	
take	 into	 account	 for	 the	 increase	 of	 annoyance	 caused	 by	 sound	 pressure	 level	
fluctuations.	Further	studies	may	include	the	latter	index	in	combination	with	previous	
considerations	 to	 investigate	 its	 relevance	 for	 the	 human	 response	 to	 railway	 traffic	
noise.	
7.3. SLEEP	DISTURBANCE	
Sleep	 disturbance	 is	 undoubtedly	 one	 of	 the	most	 important	 phenomena	 investigated	
now	and	in	the	past	with	regard	to	annoyance	(Basner	et	al.,	2010;	Basner	et	al.,	2005;	
Marquis‐Favre,	 Premat,	 Aubrée,	 et	 al.,	 2005;	Miedema	 et	 al.,	 1999;	Ögren	 et	 al.,	 2009;	
Öhrström,	 1997;	 Öhrström	 et	 al.,	 2006).	 From	 social	 survey	 questionnaire,	 sleep	
disturbance	 was	 assessed	 via	 face	 to	 face	 interviews	 where	 residents	 were	 asked	
whether	they	were	disturbed	by	noise	during	night	time	hours.	Data	analysis	revealed	a	
significant	 correlation	 of	 sleep	 disturbance	 with	 annoyance.	 To	 develop	 a	 better	
understanding	 of	 the	 relationship	 between	 sleep	 disturbance	 and	 annoyance,	 ratings	
such	as	sleep	time	period	or	total	time	period	be	considered.	For	in	depth	reviews	of	the	
relationship	between	 sleep	disturbance	 and	noise	 annoyance	 see	 (Basner	 et	 al.,	 2010;	
Basner	 et	 al.,	 2005).	Miedema	 (2007).	More	 sophisticated	methods	may	 require	 tests	
conducted	on	 subjects	either	 in	 their	homes	with	equipment	 installed	 in	 the	 sleeping‐
rooms	 or	 in	 an	 earlier	 prepared	 laboratory	 room	 where	 required	 conditions	 are	
maintained.	
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In	 the	 analysing	 the	 data	 on	 sleep	 disturbance,	 an	 additional	 issue	 emerged.	 As	 sleep	
disturbance	was	assessed	with	respect	to	external	noise	metrics,	internal	measurements	
could	 provide	 more	 accurate	 outcomes.	 Undertaking	 internal	 measurement	 of	 noise	
exposure	from	railways	be	difficult	in	practice.	One	needs	to	take	into	account	a	location	
of	microphones	inside	a	property	which	may	cause	problems	regarding	room	modes	at	
low	 frequency	noise.	An	 example	of	 the	 attempt	 to	 conduct	 internal	measurements	 of	
noise	exposure	is	presented	in	the	paper	by	Graham	et	al.	(2009).	
7.4. GROUND‐BORNE	AND	STRUCTURE‐BORNE	NOISE	
The	 residents	 in	 proximity	 to	 railways	 in	 tunnels	 are	 exposed	 to	 ground‐borne	 or	
structure‐borne	noise.	Although	 this	 kind	of	 induced	noise	 is	 regarded	 as	 low	 level,	 it	
could	become	a	 significantly	 contributing	part	of	 annoyance.	Ground‐borne	noise	may	
invoke	annoyance	not	due	 to	 level	of	noise,	but	due	 to	 frequency	content	and	 tonality	
which	has	also	been	found	to	be	annoying	(Marquis‐Favre,	Premat,	&	Aubrée,	2005).	It	
has	been	found	that		
"below	 20Hz,	 where	 there	 is	 no	 longer	 a	 distinct	 hearing	
sensation,	 sounds	 are	 often	 felt	 as	 pulses	 or	 vibrations.	 In	 these	
cases	people	complain	of	a	sensation	of	anxiety.	Between	20	and	
60	Hz	 sounds	 that	 are	 above	 their	 corresponding	 thresholds	 are	
often	felt	as	fluctuations.	People	then	complain	about	a	feeling	of	
pressure	 or	 vibration.	 However	 above	 60	 Hz,	 in	 the	 normal	




acoustical	 or	 non‐acoustical	 variables	 are	 also	 studied.	 Fields	 (1993),	 Marquis‐Favre,	











linear	 and	 normally	 distributed.	 The	 problems	 associated	 with	 standard	 principal	
component	analysis	disappear	when	categorical	PCA	is	in	use.	
7.6. STATISTICAL	MODEL	






dwellings	 would	 be	 associated	 to	 railways	 that	 would	 be	 associated	 to	 regions,	 and	
regions	to	cities.	
The	 second	 suggestion	 is	 linked	 to	 dependent	 response	 variables.	 In	 this	 project,	
combined	 effects	 from	 noise	 and	 vibration	 were	 restricted	 to	 the	 application	 of	 one	




is	 important	 (Field,	 2009).	 Family	 error	 is	 related	 to	 the	 reduction	 of	 the	 significance	
test	when	a	number	of	groups	are	compared	via	a	t‐test.	The	family	error	is	
 1 0.95 Nfamily error   	 (7.2)	
where	N	corresponds	to	number	of	compared	groups.	From	this	equation,	 it	 is	evident	




It	 is	 possible	 that	 similar	 issues	 would	 arise	 when	 carrying	 out	 separate	 analyses	 is	
conducted	 for	 each	 dependent	 variable.	 Therefore,	 a	 regression	 model	 introducing	








A	couple	of	considerations	were	 included	 in	 this	section	starting	 from	 improved	noise	
index,	 through	 an	 expanded	 statistical	 model	 and	 principal	 component	 analysis,	
finishing	with	 ground‐borne	 and	 structure‐borne	 noise.	 The	 latter	 suggestion	may	 be	
important	 with	 regard	 to	 exposure‐response	 relationship	 to	 noise	 and	 annoyance	
reported	 by	 participants	 living	 in	 vicinity	 to	 tunnel	 traffic.	 The	 other	 considerations	




























































































































































































































































































	has	 suggested	 model	 of	 annoyance	 in	 his	 paper.	 His	 model	 comprise	 of	 four	 routes	
distinguished	 through	 which	 noise	 exerts	 its	 primary	 influence:	 sound	 masking	
(communication	 disturbance),	 attention	 (concentration	 disturbance),	 arousal	 (sleep	
disturbance),	 and	 affective/emotion	 (fear/anger).	 Noise	 annoyance	 is	 a	 sensitive	
















of	 life.	 Therefore	 it	 is	 often	 taken	 as	 an	 indicator	 of	 the	 acoustical	 climate	 (Miedema,	
2007).	Miedema	(2007)	discusses	this	routes	and	they	are	detailed	in	his	paper.	





frustrating	 if	 in	 presence	 of	 noise	 (Miedema,	 2007)	 or	 vibration	 the	 important	 task	




morning,	 number	 of	 awakenings,	 and	 difficulties	 of	 falling	 asleep	 make	 significant	
increase	of	annoyance.	Listed		by	Miedema	(2007),	the	noise	of	a	single	event	can	cause	
effects:	extra	motility	(Fidell	et	al.,	2000)	change	in	sleep	state	and	EEG	arousals	(Basner	
et	 al.,	 2005;	 Vallet	 et	 al.,	 1983;	 Vernet,	 1979),	 momentary	 change	 in	 heart	 beat	
parameters	 (Carter	 et	 al.,	 1994;	 Hofman	 et	 al.,	 1995;	Wilkinson,	 1984)	 and	 conscious	










Moehler	 (1998)	has	 concluded	 that	 in	 terms	of	 railway	exposure,	 there	are,	 similar	 in	
importance,	 non‐acoustic	 factors	 or	 moderators	 which	 contribute	 to	 annoyance	 or	
disturbance.	Fields	(1979)	also	studied	community	response	to	annoyance	from	railway	











93	 and	 Figure	 94,	 one	 can	 conclude	 that	 that	 significantly	 greater	 percentage	 of	
residents	reported	the	highest	annoyance	level	when	noise	was	caused	by	construction	
work.	
Another	 very	 important	 aspect	 regarding	 percentage	 annoyed	 is	 shown	 by	 Figure	 95	
and	 Figure	 96.	 Both	 figures	 show	 annoyance	 levels	 reported	 by	 community	 being	
exposed	 to	 construction	 noise	 at	 two	 different	 circumstances.	 Figure	 95	 represents	
construction	work	 located	 at	 longer	 distance	 to	 noise	 sources.	 The	 residential	 area	 at	
that	 site	 was	 situated	 behind	 trees	 and	 brunches,	 which	 somehow	 separated	 the	
residential	 area	 from	 visible	 noise	 sources.	 However,	 it	 cannot	 be	 said	 that	 plants	
significantly	reduced	noise	exposure.	Somehow,	something	interesting	can	be	observed	
in	 Figure	 95.	 Two	 important	 bars	 representing	 proportion	 of	 residents	 reporting	
category	 “not	 at	 all”	 and	 “extremely”	 are	 relatively	 different	 from	 the	 same	 bars	 in	
Figure	 96.	 It	 perhaps	 demonstrates	 positive	 influence	 green	 plants	 such	 as	 trees	 or	
brunches	on	socio	well‐being.	The	bars	representing	“Not	at	all”	and	“Extremely”	are	in	
































































































































































































The	Table	 28	 presents	 summarized	 results	 from	 SPSS	 function	 CATPCA	which	 run	 an	
nonlinear	principal	component	analysis.	There	are	four	different	options	to	choose	from	
to	apply	optimal	transformation	names	as	follows:	Nominal,	Ordinal,	Spline	Ordinal,	and	
Numeric.	As	all	 the	data	used	 in	 this	project	are	ordinal,	 consequently,	Ordinal	options	
seem	to	be	the	most	adequate.	However,	to	investigate	that	nonlinear	PCA	results	give	
the	 highest	 percentage	 of	 variance	 accounted	 for,	 the	 other	 options	 were	 also	
investigated	and	outcomes	are	presented	in	the	Table	28.	
This	 table	 is	 divided	 into	 number	 of	 rows	 corresponding	 to	 Percentage	 Variance	
Accounted	For	(PVAF),	Variance	Accounted	For	(VAR)	and	Cronbanch's	Alpha.	First	two	
values	represent	how	much	each	component	or	a	total	sum	of	all	components	contribute	
to	 variance.	 These	 values	 are	 determined	 by	 inspecting	 eigenvalues	 returned	 by	
CATPCA.	VAF	is	a	simple	representation	of	eigenvalues.	The	higher	is	this	number,	 the	
better	 contribution	 to	 the	model.	 The	 table	 also	 separates	 results	 calculated	 for	 a	 full	
amount	of	variables	from	a	quantity	that	seemed	to	have	a	significant	contribution	to	the	
model.	
A	 list	of	all	 variables	 is	presented	 in	Table	29.	The	 following	variables	are	 included	 in	
analysis:	 three	 different	 vibration	 ratings	 (VDV,	 RMS,	 and	 Peak),	 sensitivity,	 two	
























  PVAFa  27.13%  26.98%  26.86%  25.96% 
VAFa  3.255  3.237  3.223  3.115 






PVAFa  18.57%  17.03%  16.35%  15.98% 
VAFa  2.229  2.043  1.962  1.918 




a  45.70%  44.00%  43.21%  41.94% 
VAFa  5.484  5.280  5.185  5.033 














  PVAFa  28.06%  28.06%  27.99%  27.18% 
VAFa  3.367  3.367  3.358  3.262 






PVAFa  16.12%  16.12%  16.12%  16.06% 
VAFa  1.934  1.934  1.935  1.928 




a  44.18%  44.18%  44.11%  43.25% 
VAFa  5.301  5.301  5.293  5.190 








1  2  1  2 
D13_how_concerned_property_damaged  .686 .031 .358 .685  .010  .695
D15_how_sensitive_to_vibration  .076 .021 .049 .076  .020  .097
D9_ha_railway  .826 .023 .424 .826  .019  .845
D10_rating_annoyed  .741 .029 .385 .740  .022  .762
Dist_categ  .009 .017 .013 .007  .010  .018
D16_acceptable_vibration  .763 .025 .394 .762  .017  .780
Y3_age_category  .051 .105 .078 .027  .100  .127
Y5_ethnicity  .068 .089 .078 .034  .069  .103
Y6_employment_status  .036 .132 .084 .024  .114  .139
Y9_gender  .001 .000 .000 .001  .000  .001
log_rms_8Hz_categ  .090 .390 .240 .088  .390  .478
log_vdv_W_categ  .043 .751 .397 .042  .751  .794
log_peak_W_categ  .050 .738 .394 .049  .738  .787
Active Total  3.439 2.351 2.895 3.363  2.261  5.624
The	values	were	computed	by	CATPCA	with	Ordinal	option	and	optimal	transformation.	











there	 are	 thirty	 variables	 used	 in	 a	 structure.	When	 an	 eigenvalue	 is	 equal	 one	 for	 a	
component,	 a	 component	 represents	 1%	 of	 variance	 explained.	 The	 criterion	
determining	 a	 number	 of	 components	 should	 be	 therefore	 based	 on	 a	 percentage	 of	
variance	explained	by	a	retained	number	of	components.	It	is	useful	technique	if	certain	
conditions	 are	 met.	 It	 is	 also	 used	 in	 elsewhere	 (Manisera	 et	 al.)	 along	 with	 other	
criteria.	
The	 second	criterion	 is	proposed	by	Cattell	 (1966)	based	on	 investigation	of	 so‐called	
Scree	plot.	Cattell	(1966)	suggests	that	components	are	to	retain	if	the	slope	of	a	Scree	
plot	 is	 stip.	 After	 a	 point	 of	 inflexion	 where	 the	 slope	 changes	 rapidly	 all	 the	 other	
components	should	be	removed	from	analysis.		
The	 third	 criterion	 involves	 interpretation	 of	 components	 already	 extracted	 from	
CATPCA.	 Because	 a	 rotation	 of	 loadings	 is	 not	 included	 in	 CATPCA	 function	 (in	
opposition	 to	 standard	 PCA),	 component	 loadings	 are	 used	 as	 an	 input	 of	 classic	 PCA	
with	varimax	 rotation.	The	 rotated	 components	 remain	uncorrelated	with	 this	 type	of	




inspecting	 the	 table,	 it	 can	be	observed	 that	 a	 few	means	of	 Centroid	Coordinates	 are	
close	 to	 centre	point	 indicating	 that	 contribution	of	 those	variables	 is	 very	poor.	Also,	
Figure	97	shows	this	situation	in	a	vector	model	graph.	Basically,	a	variable	is	visualized	
as	a	vector,	whose	category	points	are	located	on	a	line	whereas	the	direction	is	given	by	
the	 component	 loadings.	 Because	 CATPCA	 includes	 nonlinear	 optimal	 scaling	
transformations,	 the	 vector	 model	 (Figure	 97)	 does	 not	 represent	 the	 original	
categorical	 variables	 but	 the	 transformed	 variables.	 Similarly,	 it	 can	 be	 noticed	 that	
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one	 can	 observe	 that	 four	 optimal	 transformations	 was	 investigated	 in	 terms	 of	
percentage	of	variance	accounted	for,	as	well	as	Cronsbach's	α.	VAF	is	a	measure	of	how	
much	variation	is	explained	by	a	retaining	number	of	components.	This	is	determined	by	
specifying	 an	 eigenvalues	 of	 each	 component	 and	 its	 total	 value	 that	 is	 a	 sum	 of	
eigenvalues	from	each	component.	The	table	also	contain	PVAF9	indicating	Percent	VAF.	
By	 inspecting	 Table	 28,	 it	 should	 be	 noted	 that	 Nominal	 and	 Ordinal	 optimal	
























Another	 test	 involves	 inspecting	 the	 Scree	 plot	 Cattell	 (1966)	 shown	 by	 Figure	 98.	

























































contribute	 to	 the	 model.	 A	 clear	 distinction	 of	 two	 components	 can	 be	 seen.	 On	 one	
hand,	 the	 first	component	contains	variables	of	similar	meaning	expressing	annoyance	
in	two	scales	(5‐point	semantic	and	11‐point	numeric	scale)	along	with	a	concern	about	
damage	 of	 a	 property	 and	 acceptable	 of	 vibration.	 On	 the	 other	 hand,	 the	 second	
component	contains	only	exposure	of	vibration.	From	this	 figure,	 the	structure	of	data	










1  2  1  2 
D13_how_concerned_property_damaged  .749  .019  .384  .749  .001  .750 
D16_acceptable_vibration  .802  .013  .408  .802  .006  .808 
D9_ha_railway  .942  .017  .479  .942  .012  .954 
D10_rating_annoyed  .826  .021  .423  .826  .012  .838 
log_vdv_W_categ  .023  .953  .488  .022  .953  .975 
log_peak_W_categ  .029  .950  .489  .027  .950  .977 
Active Total  3.371  1.972  2.671  3.367  1.934  5.301 
             






are	 presented	 in	 order	 to	 provide	 comparison	 between	 ordinal	 and	 nominal	
transformations.	 If,	 for	 any	 reason,	 data	 did	 not	 show	natural	 ordinal	 character	when	
they	 suppose	 to,	 it	 is	 believed	 that	 this	 problem	 would	 come	 out	 after	 nominal	
quantification	that	could	 found	 in	second	sets	of	graphs.	After	optimal	scoring,	ordinal	
data	 should	 produce	 monotonic	 functions	 (See	 Figure	 101).	 By	 comparing	 two	 sets,	
almost	each	graph	contains	monotonically	 increasing	 functions,	 apart	 from	the	middle	










A	 couple	of	 the	other	 features	can	be	seen	by	 inspecting	graphs	 in	Figure	100	 (Figure	
101	 was	 drawn	 only	 due	 to	 validation	 for	 an	 ordinal	 character	 of	 data).	 All	 graphs	
display	non‐linear	transformation.	This	means	that	perhaps	standard	PCA	would	result	
with	non‐accurate	outcomes.	The	optimal	quantifications	are	given	on	the	vertical	axes	
versus	 the	 original	 values	 on	 the	 horizontal	 axes.	 For	 all	 graphs,	 the	 non‐linear	
transformations	show	convexity,	indicating	that	there	is	a	less	distinction	between	lower	






















Procedure for the measurement of 
railway vibration in residential 
environments 

























































































































1.1 Ethical Approval Form for Staff 
 
Ethical  approval  must  be  obtained  by  all  staff  prior  to  starting  research  with  human  subjects, 
animals or human tissue. The member of staff must show and if necessary discuss the content of this 
form with the Research Institute Director before it is 'signed off'.    
If  the  application  for  ethical  approval  is  part  of  a  bid  for  external  funding,  the  form  must  be 
completed as a supplement to the Budget Approval Form. 
The  signed  Ethical Approval  Form must be  forwarded  to  the Contracts Office  and  an  electronic 
























The project will develop a method by which human annoyance to vibration in 
residential environments can be assessed. 
3.   Project objectives (maximum of three) 
 
The Objective is to perform a social survey and measurements of environmental 
vibration. Specifically, this project has the following objectives:  
i. to review and refine the main study protocol, originally developed by Defra 
in a pilot study, 
ii. to conclude as to whether a dose-response relationships exist for various 
vibration sources, based upon a statistically robust social survey 
questionnaire sample size, 
iii. to determine such indices relating vibration measurements with human 









Our strategy to meeting the aims and objectives will be to complete the following 
main stages:  
1. Review of the pilot study 
2. Refinement of measurement protocol and social survey questionnaire  
3. Main study, including site work and data analysis 
4. Preparation of the final report 
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In order to determine the level of disturbance to an individual caused by given 
vibration, it is necessary to ask them how much they are disturbed. Consequently, 
levels of environmental vibration will be measured and correlated against the results 
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for a social survey questionnaire.  
This work follows an earlier pilot study performed by ARUP and the University of 
Southampton on behalf of Defra, the results of which provided a methodology for 
undertaking this wider study to yield a robust relationship between vibration 
exposure and response. The methodology is detailed in the pilot study report, 












If YES – what are these and how will you ensure you meet their requirements? 
This research is to be performed for Defra. Therefore, this research will be subject to 
all ethical procedures they have in place. To this end, Defra has formed a project 
board of key advisers, and a series of meetings and reports have been scheduled to 








If YES – please think about key issues – for example, how you will recruit people?  How you will 
deal with issues of confidentiality / anonymity?  Then make notes that cover the key issues linked to 
your study 
 
The methodology for undertaking this wider study was defined by the pilot study. It 
involves face-to-face interviews administering a prescribed social survey 
questionnaire with adults in their homes. Confidentiality and anonymity are ensured 
by identification on the questionnaire of the address and by a serial number only. 
People are to be recruited by cold-calling following a door-to-door leaflet drop.  
The full multi-part questionnaire is detailed in Appendix D of the Defra report. 
However, as detailed above, the first stage of the research project will involve 
refinement of the questionnaire. As part of the refinement, it is proposed to reduce 
the length of the questionnaire to be administered by making it source specific, e.g., 






8.   More specifically, how will you ensure you gain informed consent from anyone involved in the study? 
 
The measurement protocol developed in the pilot study requires that following initial 
agreement to help with the survey, a letter is handed to residents outlining the nature 
of the project and survey work. The main text from the Letter to Residents is 
detailed in Appendix E1 of the Defra report. The text will be modified to remove 
reference to the University of Southampton and the other pilot study contractors, and 
to replace this with the University of Salford. It is also proposed to reduce the length 
of the letter, to simplify the explanation, and to include a space for respondents to 










 The above mentioned letter to residents contains a section detailing the Data 
Protection – Fair Collection Notice, together with a relevant note concerning the 
Data Protection Act 1998. In addition, confidentiality and anonymity are ensured by 








  (a) Does the project involve the use of ionising or other type of “radiation”  
  
YES / NO 
 
 (b) Is the use of radiation in this project over and above what would  
normally be expected (for example) in diagnostic imaging? 
     
YES / NO 
 
 (c) Does the project require the use of hazardous substances?   
   
YES / NO 
 
 (d) Does the project carry any risk of injury to the participants?   
  
YES / NO 
 
(e) Does the project require participants to answer questions 




YES / NO 
 




From the detailed project specification produced by a Defra, a wide scale study of 
~2000 case studies is required to be produced. It is considered that this number is 
well chosen to achieve the project objectives. As mentioned above, it is proposed to 
measure vibration sources that have similarities and differences: namely 
construction sites, piling operations, railways, and roads. This means approximately 
500 case studies per vibration source. Within each vibration source, the project 
variables to be considered include age, gender, and time of day, but also 
consideration will be given to construction type and floor covering. Within the 
variable of age, assuming a range of 20-80, this approximates to ~60 case studies per 
decade, and so 30 case studies per gender per decade. Allowing for failed 






 A summary in clear / plain English (or whatever media/language is appropriate) of the 
material you will use with participants explaining the study / consent issues etc. 
 A  draft  consent  form  –  again  in  whatever  media  is  suitable  for  your  research  purposes  / 
population. 
 A copy of any posters to be used to recruit participants 
Remember that informed consent from research participants is crucial, therefore your information 
sheet must use language that is readily understood by the general public. 
 
Projects that involve NHS patients, patients’ records or NHS staff, will require ethical approval by the 
appropriate NHS Research Ethics Committee. The University Research Governance and Ethics 
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Committee will require written confirmation that such approval has been granted. Where a project 
forms part of a larger, already approved, project, the approving REC should be informed about, and 
approve, the use of an additional co-researcher. 
 
I certify that the above information is, to the best of my knowledge, accurate and correct.  I 
understand the need to ensure I undertake my research in a manner that reflects good principles of 
ethical research practice. 
 
 






In signing this form I confirm that I have read the contents and I am satisfied that the project can 
proceed subject to approval by the University of Salford RGEC. 
 
Signed by RI Director 
 
 
Date  
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